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i 
Abstract 
For large areas of New Zealand that suffer from agricult-
ural drought, the only practicable way of providing irrigation 
• is through the use of water harvesting schemes that divert 
winter flood water in nearby streams into off-stream storages 
for irrigation use in the summer. A community water harvest-
ing scheme is presently under construction in the Glenmark area 
of North Canterbury which was designed using traditional methods. 
The objectives of this thesis were to assess the limitations of 
traditional design methods for water harvesting schemes using 
the Glenmark Scheme as a case study and to develop an improved 
method based on a systems modelling approach. A daily simulat-
ion model was developed that incorporated in a realistic way the 
engineering, hydrologic, agronomic and economic features of im-
portance to ·the design of water harvesting schemes in New Zea-
land. The model was used to study the adequacy of the tradit-
ional methods used for the design of the Glenmark Scheme; to 
arrive at alternative design solutions that achieved higher 
levels of engineering, agronomic and economic efficiency; and 
to develop a better understanding of the nature of complex water 
harvesting systems. It was demonstrated that compounding con-
servatism inherent in traditional design methods resulted in 
scheme overdesign and that the ability of the systems model to 
capture the essential dynamics of the system allowed higher 
levels of design performance to be achieved. The experience 
gained in the use of the systems model led to the development 
of a formalised design procedure for water harvesting schemes 
that represents an advance on methods hitherto available. 
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GLOSSARY OF TERMS 
Terms used in this thesis are defined where they 
first appear. Terms which are used regularly and throughout 
the thesis are collected below and explained. They are 
presented in the order of the chapter in which they have most 
significance. 
R Vector of system response in model R = f(X,Y) 
x Vector of controllable causal fact(j)~s in model 
Y Vector of non-controllable factors in model 
f' Relationship between Rand (X,Y) 
RDMD Daily mean discharge 
Chapter 
1 
1 
1 
1 
RMIN Minimum flow to be left before diversion starts 4 
RMAX Maximum rate of diversion above RMIN 4 
Top Loss Flow foregone to diversion when ROHD>RMIN+RM.AX 4 
Loss A Flow foregone between RMIN and the start of 4 
two-stage pumping for diversion into storage 
Loss B Flow foregone between the first and second stage 4 
pumping for diversion into storage 
AET Actual daily evapotranspiration rate 5 
PET ·,Potential daily evapotranspiratlon rate 5 
8M Daily soil moisture level 5 
AWC Total available water in root-zone 5 
NUM Identifier of land use and phenology of crops 5 
in one year (June-May) of a rotation 
TOS Refers to all aspects of the final design of the 8 
Glenrnark scheme by traditional methods 
FDO Refers to all aspects of the computer simulation 8 
of the T08 
ww 
SW 
B 
GB 
WC 
RY 
PA 
GF 
Winter-sown wheat 
Spring-sown wheat 
Barley 
Garden peas (peas for seed) 
White clover for seed 
Ryegrass for seed 
Pasture for forage 
Greenfeed for forage 
xxx 
Chapter 
8 
8 
8 
8 
8 
8 
8 
8 
MPA Refers to all aspects of the computer simulation 9 
of design options to irrigate a predetermined 
larger area of the Glenmark Scheme than the TDS 
DF Diversion Factor, the ratio ot the diversion 9 
rate used in an MPA experiment to the rate that 
is associated with maximum crop yield. 
SF Storage Factor, the ratio of the total scheme 9 
storage in an MPA experiment to the storage that 
is associated with maximum crop yield 
CHAPTER ONE 
INTRODUCTION 
1.1 THE PROBLEM 
Many are~s of New Zealand suffer from agricultural 
drought during the main growing season (Coulter, 1972). The 
severity and duration of drought periods is a function of 
both the locality and the crops grown. Studies carried out 
in the South Island at the Winchmore Irrigation Research Stat-
ion show that average pasture dry matter production can be 
doubled and average crop yields -boosted with irrigation , with 
very much smaller year to year variation than is experienced 
with dryland agriculture. 
Irrigation has been practised in parts of New Zealand 
since the early days of settlement. In 1976 it was estimated 
that 165,000 hectares in total was irrigated using all methods, 
with approximately equal areas under surface flooding (border 
dyke) and sprinkler systems (Brown, 1978). The majority of 
the surface flooding schemes are within Government irrigation 
areas, whereas the sprinkler irrigation schemes are largely 
private developments, often utilising freely available g~und­
water resources. 
A common feature of much of the current irrigation de-
velopment is that water storage is not required. Surface 
flooding schemes utilise run-of-river diversion directly into 
the system at rates below the r.iver low flow and sprinkler 
systems pump directly from groundwater. Hence the existing 
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irrigated areas tend to be concentrated around the riparian 
land of major rivers or over reliable groundwater resources. 
Agricultural drought is a problem, however, in places 
where the water resource availability precludes the use of the 
techniques described above. Adequate groundwater is not 
available over much of the country where drought is a problem 
and often these locations also are associated with surface 
water resources that are unreliable or non-existent during the 
irrigation season. Within-year and between-year storage of 
water is therefore required to provide irrigation water sup-
plies in these localities. 
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There are two obvious engineering solutions to the prob-
lem of water storage described above. The first is to con-
struct storage on the major streams of the area, thereby 
capturing winter and flood runoff for later release in the 
summer. Often such storages can have multiple uses and pro-
vide for hydro-electric power generation and recreation as well 
as for irrigation. This solution is very common in other 
countries of the world, but not usual in New Zealand, where 
suitable major storages are more difficult to construct. 
The second approach to the water storage problem involves 
construction of storage works off-stream., with replenishment 
coming from water diverted or pumped from nearby streams during 
periods of flood or fresh. As will be explained later, this 
technique can be described as water harvesting. Until recent-
ly, water harvesting schemes had been confined to individual 
farm applications with only limited investigation and documen-
tation of the design process and the achieved performance. 
Experience with these applications did suggest, how-
ever, that they could be useful in areas where the more trad-
itional techniques could not be applied, not only for individ-
ual development where situations were favourable on a particu-
lar farm, but for regions or groups of farms involving the 
communal use of the engineering facilities required. A dia-
grammatic plan of the components of the type of wa·ter harvest-
ing scheme studied here is shown in Figure 1.1. 
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Figure 1.1: Diagrammatic Plan of the Components of a 
Water Harvesting Scheme. 
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A major study of such a community irrigation project 
based on water harvesting techniques was recently carried out 
in the downland area of North Canterbury to assess the tech-
nical, economic and environmental features of importance 
(Heiler et at. 1977). This scheme, called the Glenmark 
Scheme hereafter, is presently under construction by the New 
Zealand Government, and is described later in this thesis. 
The Glenmark Scheme is the first of its kind in New 
Zealand, and perhaps elsewhere.' As such, the scheme has 
highlighted design problems peculiar to the development pro-
posals and not previously encountered in the New Zealand ex-
perience. In view of these problems and the possible wide-
spread applicability of the techniques proposed for the Glen-
mark Scheme, a detailed study of the most suitable design 
methods was considered to be of importance. 
1.2 THE OBJECTIVES OF THE STUDY 
The basic objective of this study is to develop a design 
method that leads to improved design efficiency for water har-
vesting schemes in the New Zealand situation. 
The use of the term "improved" above implies that t.he 
level of design efficiency achieved with a new method must be 
compared to some previously attained level, and in this case 
the status quo situation is taken to be the level reached by 
the application of conventional or traditional design proced-
ures. An associated objective, therefore, is to study the 
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adequacy of traditional procedures for the design of water har-
vesting schemes. 
It was anticipated, for reasons given later in Section 
1.3.1, that the basis for an improved design method should 
be an interdisciplinary study of the problem using the tech-
niques of mathematical modelling and computer simulation. 
A further associated objective is then to study the applica-
bility of a systems approach to the design of water harvesting 
schemes. 
1.3 SYSTEMS APPROACH TO THE PROBLEM 
1.3.1 Justification for Systems Approach 
A system is a group of objects united in some 
form of interactive or interdependent relationships which 
operate within a conceptual boundary to perform a specific 
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function. The systems approach to a problem involves the con-
struction of a model of the particular objects of interest and 
their inter-relationships, and manipulation of this model to 
gain a knowledge of how the real system would behave under a 
range of operating conditions and environments (Harrison, 
1978). 
In considering whether a systems approach to the 
design of water harvesting schemes is appropriate, the quest-
ion of conceptual boundaries is a useful starting point. 
The smallest system of interest in a design study is the farm 
within the scheme. Referring to Figure 1.2,. it can be seen 
that the 'objects' within a conceptual boundary of a farm in-
clude structural components - a storage dam and irrigation 
system; physical resources - soil and crop production potent-
ial; and management aspects - choice of crop, area, watering 
rates, etc.: The economic assessment depends upon 
the interaction between objects, such as the dependency of 
soil water upon the availability of stored water for irrigat-
ion via a management rule, and also· from joint dependency on 
common exogenous factors such as weather or the eoonomy. In 
the New Zealand farming scene, it is likely that the crop and 
area combinations of interest on any farm may be appreciable, 
thus adding to the complexity within the farm system boundary. 
The second schematic level of interest in water 
harvesting schemes is identified by a conceptual boundary that 
groups with it all of the farm developments dependent on a 
single water resource. Some of the interrelationships between 
objects within the water resource system boundary and within 
the farm system boundary are obvious, such as the interaction 
between the on-farm s-torage status and the way in which water 
is diverted from the water resource, and less clear where the 
dependency arises because of correlations between weather 
variables controlling water supply and demand. 
A water harvesting scheme may oonsist of a group-
ing of independent water resource SUb-systems each serving a 
number of farms. For the purpose of assessing the value of 
_ the scheme as a whole, the final conceptual boundary may be 
drawn around these sub-systems. The interrelationships in-
volved for a scheme system are largely economic, in that the 
accumulation of all costs and benefits from the SUb-systems 
determine overall scheme economic performance. A feedback 
may also exist if the economy dictates that a certain level of 
performance be achieved for a scheme. This may require ad-
justments internally within the water resource sub-system and 
the farm systems. 
6 
r-= 
I 
I 
I 
L 
L 
Weather 
Stored Water 
Soil Water 
~te~ndary (Scheme) 
_._._._._._a __ _ 
System Boundary (Water Resource) 
System Boundary (Farm) 
Area 
Crop Yield/ha 
Irrigation 
Weather 
Figure 1.2: Flow chart showing water harvesting as a systems problem. 
L Costs 
Economics 
L Income 
--.J 
8 
Figurel.2 hence is a nesting of sys.tems within a 
convenient schematic framework, that is suitable for design pur-
poses. Interest at the individual farm sys.tems level is obvious 
for farm management reasons. Grouping at the next level (the 
water resource system l.eve!) provides a log:ical basis for design-
ing diversion and storage systems 'capable of meeting scheme 
demand. The economic ass~ssment of community irrigation schemes 
in New Zealand deals with 'wh6le scheme developments, thereby 
requiring a higher level grouping of the water resource sub-
systems. 
From the foregoing discussion, it is clear that 
water harves'ting systems lend themselves toa systems approach. 
Interrelationships and feedbacks exist within the system and 
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are of obvious importance. The system is complex, involving 
specialist areas of engineering, agriculture and economics, so 
an interdisciplinary study is suggested. The influence of 
temporal weather variability on the system is obviously import-
ant. This indicates that the systems approach should involve 
simulation so as to capture the dynamic aspects. 
1.3.2 Objec:tive:s o'f Study in Syst'ems Terminology 
The systems approach has been stated symbolically 
(Harrison, 1978) as: 
R = f(X,Y) 
Where R is a vector of response variables, usually some import-
ant measures of system performance 
1.1 
x is a vector of factors which are adjusted during 
an experiment wi ththe model 
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Y is a vector of factors that are non-controllable 
or environmental 
f represents the relationship between a particu-
lar response variable and the causal factors (the systems 
model) . 
Looking to a more explicit explanation of the study ob-
jectives given in Section 1.2 in relation to equation 1.1, 
,.. 
the following points can be made: 
(i) The basic objective is to do with the development 
of a design method leading to improved design efficiency. 
This method will be based on the systems approach and will 
express equation 1.1 in the form of a computer model suited to 
d~sign purposes. As well, a key component of the method will 
be the estimation of the systems response (vector (R)), in one 
or several ways most appropriate to the particular study con-
cerned, by the manipulation of some or all of the vector of 
factors (X). 
(ii) The second objective is to judge the adequacy of 
traditional design methods. This will be done in regard to 
the adequacy of these methods in predicting the vector of 
responses R and those factors of the vector Y that are calcu~ 
lated in the traditional design process and influence R. 
(iii) An essential part of the third objective of 
studying the applicability of a systems approach is experi-
mentation with the systems model (f) aimed at improving design 
efficiency, which will be to achieve more satisfactory levels 
of the response vector R. The question of optimisation or 
maximisation of R is dealt with later in this thesis. 
CHAPTER TWO 
THE TRADITIONAL DESIGN APPROACH EXAMINED -
THE GLENMARK SCHEME 
2.1 INTRODUCTION 
There are three major sections in this chapter, which 
provide the background and description necessary to apprec-
iate later sections of this thesis. 
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The Glenmark Scheme is based on water harvesting, and 
its design by the author and others provided the incentive 
for this study (Heiler et aZ. 1977). Details of the Glen-
mark Scheme proposals are given in the first section of this 
chapter in summary form. The full documentation of the de-
sign of this scheme is included as an Appendix Volume of this 
thesis. 
One reason for summarising the features of the Glenmark 
Scheme here is to allow a detailed description of the basis 
for the scheme design in the second section of this chapter. 
This section is a statement of how the particular design prob-
lems involved in the scheme were tackled using traditional 
methods, and identifies the inadequacies of this design 
approach. The third section examines the basis for seeking 
a better approach to the design of these schemes, and leads 
directly to Chapter Three, in which the framework of an im-
proved design method based on computer simulation is developed. 
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2.2 GLENMARK IRRIGATION SCHEME SUMMARISED 
2.2.1 Glenrnark as a Water Harvesting Scheme 
Myers (1975) and Burton (1957) proposed definit-
ions of water harvesting that represent the United States and 
East Australian conception of scope. Myers suggested that 
"water harvesting is the practice of collecting water from an 
area treated to increase runoff from rainfall and snow melt." 
This definition shows the emphasis placed by United States 
arid zone researchers on the treatment of catchment surface 
to increase runoff. Burton, in expanding the reputa.bly 
original use of the term by Geddes (1955), stated that 
"water harvesting is a system in which a property is operat-
ed as a self-contained irrigation project, part of it being 
kept in a relatively undeveloped state, to act as a water-
shed, the runoff of which is stored in farm ponds and used 
to irrigate the remaining por~ion." Here we have a differ-
ent emphasis, the use of water for agricultural production, . 
albeit with some agreement with Myers that 'runoff-inducing' 
treatments over the catchment area are involved. The dif-
ficulty apparent in anyone definition is clearly revealed 
when Burton (1957) goes on to describe how "ring tanks may 
permit the use of water harvesting techniques on flat 
country, provided that a nearby stream ........• is avail-
able." In this case, no restriction on self-containment of 
the development or specific catchment treatment is implied. 
Burdass (1975) gives the view of the West 
Australian practitioners of the water harvesting technique 
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in describing "water harvesting - the collecting, convey-
ing and storing of precipitation", which has attractive 
generality, and which interestingly is attributed to earl-
ier writings by Myers (1964, 1967). A similar, but extend-
ed version of the term water harvesting was given by Dedrick 
(1976) incorporating "precipitation, a collecting surface, 
water storage and potential consumptive uses." 
There appears to be no precise agreement as to 
the type of water resource development that can be reason-
ably described as water harvesting, although it is clear that 
the type of scheme described here has a legitimate claim to 
be included. 
Evenari et aZ. (1961) have described water har-
vesting systems in the Negev Desert, thought to be some 4000 
years old, which involved land smoothing, contour ditching 
and supplemental irrigation. Settlement of arid and semi-
arid landscapes in Australia leQ to quite general adoption 
of systems collecting and storing water from the roofs of 
houses, a practice still common in parts not served by 
central water supply systems. Since the 1920~s; extensive 
use has been made of "roaded catchments" in Western Austral-
ia (Burdass, 1975) to provide runoff water for storage in 
excavated tanks, primarily for stock supply purposes. 
Water conservation works involving storage of natural runoff 
water in farm dams for supplemental irrigation purposes has 
been common throughout Australia since the mid 1950's. In 
fact, up until 1960 or so, the rediscovery of the technique 
was largely confined to Australia, where pastoral develop-
ments in regions with an unreliable precipitation pattern 
13 
made such solutions obvious to the early settlers. 
The United States experience dates from the 
1950's and has been almost exclusively related to the sur~ 
face treatment of collecting areas (by physical and chemical 
means) to enhance runoff from rainfall and snow melt. Much 
work of this type is summarised in the Water Harvesting 
Symposium proceedings (United States Department of Agri-
culture, 1975). 
An interesting use of water harvesting tech-
niques in New Zealand, involving storage of outflow £rom a 
tile/mole subsurface drainage system, has been reported by 
Sorrenson (1977a). Prior to this work, Plank et aZ. (1970) 
and Heiler (1969, 1972) described projects involving the 
storage of natural runoff water in large farm dams for irri-
gation purposes. 
The situation, therefore, is that techniques of 
water harvesting in use today are little different from those 
used by the ancients when faced with the same sort of prob-
lems. Increasing emphasis on artificial treatment of catch-
ment surface has been given by United States workers, whereas 
the developments in Australia and New Zealand have been dir-
ected more towards better water mapagement of runoff or 
streamflow resources for the purposes of enhanced agricult-
ural production. As to the future, Myers (1975) predicted a 
great increase in the adoption of the U.S. version of water 
harvesting techniques,and experience in Australia (Clewett, 
1978) and New ~ealand (Heiler, 1978) is that the Antipodean 
version of water harvesting has potential to allow irrigated 
agriculture to be practised in areas not feasible to serve by 
other water resource development techniques. The imple-
mentation of the Glenmark Scheme as a large-scale pilot 
development is therefore of some importance. 
2.2.2 Background 
In the following sections, a summary is pres-
ented of the background, the physical setting, the scheme 
proposals and examples of the traditional approach to the 
design of the Glenmark Scheme. It is considered useful to 
include this here, so that the details of the more sophisti-
cated design method based on computer simulation presented 
in later chapters can be seen in the perspective of the 
lead-up work that initiated this study. Not all the de-
tails can be presented, however, and a complete documentat-
ion of the design is included in the Appendix Volume. 
In December 1972, the New Zealand Agricultural 
Engineering Institute (NZAEI) published a feasibility report 
of a community irrigation scheme based on water harvesting 
methods for the Glenmark area of North Canterbury (Heiler, 
1972) . This report was prepared at the request of a local 
farmer-committee promoting a community irrigation scheme for 
the area, and was supported by the then waipara County 
Council, in whose territory the scheme area was located. 
Subsequent local and government consideration 
of the feasibility report led to the approval~in-principle 
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of the scheme by the Water Resources Council in July 1974, 
and to a request by the Waipara County Council to the NZAEI 
to carry out the final design of the scheme. The work lead-
ing to the final design was commenced in September 1974, the 
report being published in January 1977 (Heiler et aZ, 1977). 
Further consideration of the final design re-
port by government agencies during 1977 and 1978 resulted 
in final approval of the scheme in September 1979 and re-
lease of public monies to allow construction to commence in 
November 1979. Construction of the scheme is to be phased 
over a period from early 1980 to mid 1983. 
2.2.3 Description of the Scheme Area 
Details of the physical setting are summarised 
in Figures 2. 1 to 2.6, and Tables 2. 1 and 2.2 together 
with reference to the source material involved, and this 
information is used in the following discussion. 
The 21 properties included in the proposed 
scheme lie within a six kilometre radius of the Waipara 
township. Physical boundaries include the Waipara River 
to the south, the coastal hills to the east and the Weka 
Creek to the west. Waipara township is 20 km north of 
Amberley and 60 km from Christchurch. 
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Climate is the dominant feature of the land-
scape of importance to this study. Within the irrigation 
area, the mean rainfall of some 650 mm is evenly spread 
throughout the year (Table 2.1 ), but exhibits high var-
iability from month to month in anyone year, and between 
years. High summer potential evapotranspiration rates 
(Table 2.1 ) are influenced by fohn winds, and when compared 
with the rainfall pattern, highlight the essential problem 
of drought in the irrigation area. Rainfall is regularly 
insufficient to meet the evapotranspiration demands of crops 
16 
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Monthly Climate Statistics for G1enmark Area (1955-1975) 
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Figure 2.2: Monthly Climate Statistic for 
G1enmark Area (1955-1975) 
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during the spring and summer periods, and the resultant 
effect on the risk and levels of production dominate the 
dryland farming potential of the area. During the late 
autumn and winter period, however, rainfall exceeds evapo-
transpiration for long periods, resulting in generally 
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high soil moisture levels and explaining the occurrence of 
floods and freshes in gullies and streams at this time. 
Climate therefore is the prime factor in creating the im-
balance between water supply (in source areas) and water 
demand (in sink areas), an imbalance that requires the 
application of storage regulation to better match supply and 
demand, if drought p"roblems are to be overcome. 
The geology of the area also has importance in 
influencing the response of the catchment areas to runoff-
producing rainfall events, and to an understanding of the 
soils throughout the area, in terms of their irrigation 
potential and suitability for earth dam construction. The 
area is covered by mixed alluvial gravels over Tertiary 
sediment rocks, chiefly limestones and calcareous sandstones. 
The surrounding hills consist of these soft rocks, underlain 
by upthrust blocks of sandwackes. The headwaters of the 
Weka Creek are covered by over 50 per cent of Haldon stony 
silt loams derived from greywacke (see Table A2, Appendix 
Volume), often of shallow depth over bedrock and giving rise 
to rapid runoff response to rainfalls of moderate intensity. 
The Omihi and Horne Creeks flow out of lower hills covered by 
Glenmark yellow-grey earths and Omihi clay loams. Water 
storage capacity of these deeper soils is greater than those 
in the Weka Catchment, reSUlting in a lower rate of runoff 
during smaller rainfall events. 
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Table 2.2: Soils of the Catchment and Irrigation Areal 
(see Figure 2.4). 
Soil Set Name 
Waipara 
lSc 
Glasnevin 
l3a 
Glenmark 
l6b 
Cheviot 
22 
Hal don 
24 
Onepunga 
3lc 
Waikari 
7la 
Omihi 
72 
Willowbridge 
9Sd 
Textural Description 
Mainly silt loams with 
some shallow sil t loams 
Stony sandy loarns, s il t 
loams and shallow silt 
loams 
Silt loams to sandy 
loams 
I 
Mainly sil t loarns 
Sil t loam to stony sil t 
loarn, some shallow on 
bedrock 
Sandy loess to silt 
loams 
Clay loams and stony 
clay loams 
Mostly cl ay 10 ams 
Silt loams to sandy 
loams 
Parent Material 
Greywacke loess 
Alluvium from greywacke 
and 1 imestones 
Colluvium and alluvium 
from sandstones and 
marls 
Greywacke loess and 
alluvium 
Greywacke and 
greywacke loess 
Siltstone and sand-
stone colluvium and 
greywacke loess 
Hard limestone 
Colluvium and alluvium 
from marls, calcareous 
sandstone and 1 ime-
stone 
Alluvium from greywacke 
and greensands 
Note 1: For full details see Appendix Volume, Heiler et aZT (1977) 
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The soils of the irrigation area are highly 
variable in their irrigation properties. They range from 
stony Glasnevins adjacent to the Weka Creek to deep fertile 
Omihi and Glenmark deep silt loams towards the northern 
boundary of the irrigation area (Figure 2.4). Within this 
general framework, considerable variation can exist over 
short distances. The main difficulty created by this spat-
ial variability in soil properties is to account for its 
effect on the spatial and temporal pattern of water demand 
in scheme design. 
The typical farming system in the area includes 
fat lamb production, wool, and cash cropping of wheat, bar-
ley and some ryegrass. Farms are small (60 to 200 ha) and 
stock performance and crop yields are very dependent on 
adequate rainfall from September to December. 
Many of the farms in the area are sub-economic 
under ruling product prices and the existing farm cost struct-
ure. Unless a way for increasing productivity and profits 
can be found, large-scale farm amalgamation may become in-
evitable. In view of the climate, the most obvious way of 
increasing production is through the introduction of irrigat-
ion. 
2.2.4 General Description of the Proj~ct 
The general layout of the Glenmark Scheme is 
shown in Figure 2.5 and a schematic layout of the diversion 
and reticulation systems in Figure 2.6 These should be re-
ferred to in reading the remainder of this chapter. 
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Figure 2.6: General Layout of Diversion and Reticulation Systems. 
Three tributaries of the Waipara River provide 
the source of water for storage replenishment - the Weka 
Creek, Home Creek, and the Omihi Creek. The Waipara River 
itself was not considered, both because it is at a lower 
elevation than the scheme area, and there are considerable 
difficulties in water diversion because of the braided nat-
ure of river flow in its gra~el bed. 
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The diversion works for the Weka Creek consist 
of an earth and rockfill dam below Antills Bridge on State 
Highway No.7. The water level in the creek will be raised 
by about five metres, which is sufficient to allow gravity 
diversion of flood water into the scheme area. This divers-
ion is led into a short section of pipe and thence through 
open channel to the scheme boundary at the top end of 
Mackenzies Road. From there the water is conveyed in large 
diameter concrete pipes to 12 of the 21 farms within the 
scheme area. The water in the pipe is under pressure and 
supplies each of the storages served by gravity. Special 
allocation structures have been designed to ensure that each 
of the storages receives an equal proportion of the full 
range of flows that will be carried in the pipeline. 
The pumping works for the Home Creek and Omihi 
€reek consist of flood pumping into storages on the nine 
remaining farms, all of which have riparian frontage to one 
or other tributary. 
The storages (28 in all) are either ring tanks 
or gully darns. Ring tanks consist of embankments constructed 
around all or three sides of the storage area from material 
borrowed from within. Gully dams consist of embankments 
built across natural gullies or scour holes from material 
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borrowed from the sides of the gully and within the storage 
area. Sufficient storage capacity has been provided on 
each farm to supply its total estimated annual water require-
ments. Conservative allowances have been made for evaporat-
ion losses and studies have been made of the probable magnit-
ude of seepage losses: these aspects are detailed in later 
sections. 
The irrigation systems designed for each farm 
consist of electric powered pumping units located at the 
storage dams, buried underground mainlines, and side-roll 
spraylines fitted with medium-pressure rotating s~rinklers. 
All systems have been designed to meet a peak demand of 75 mm 
in 21 days according to the layout adopted and in compliance 
with the watering schedule shown in Table 2·3 and explained 
later. 
2.2.5 The First Design Question - How Much Land 
Should be Irrigated? 
The boundaries of the scheme area were defined 
largely by the community of interest of the initiating 
group of farmers. Within this area a decision as to how 
much land on each farm to irrigate was required. 
In traditional gravity irrigation schemes, a 
so-called irrigable area is defined on engineering grounds 
with the objective of maximising the irrigated area; often 
this may be as high as 90 per cent of the total scheme area. 
The peak rate of flow required for the irrigated area is 
usually based on a rule-of-thumb estimate of seasonal water 
demand. A supply rate of 70 lis per 100 ha, equivalent to 
Table 2.3: Watering Schedule for Design Purposes Used 
in Glenmark Scheme 
Supplemental 
Month Week Irrigation Amount (mm) Comments 
Barley Peas White Clover 
October 1 40 Establishment 
2 40 Establishment 
3 
4 
November 1 75 
2 75 
3 75 
4 
December 1 75 
2 
3 75 
4 75 
Autumn 40 40 Greenfeed 
TOTALS 230 190 190 
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the imperial rate of one cusec per 100 acres, has been shown 
to be ,generally acceptable for this purpose. 
In the scheme considered here, an arbitrary 
approach of this kind is not feasible. There are a number 
of factors which might influence the determination of system 
capacity and the area to be irrigated: 
Because of the low summer flows to be e~pected in the 
streams, seasonal storage must be provided and the 
supply rate is then determined by the volume of storage 
available. 
The practicable area which can be irrigated on a given 
farm may be limited by topography in many cases, or, 
as it is considered desirable to continue to operate the 
farms as one-man units for economic reas~ns, labour con-
straints may determine the maximum area. 
As the irrigated area becomes larger in a sche'me of 
this type, the necessity for larger storages, occupy-
ing greater areas of productive land, poses a problem. 
The water resources are limited, and increasing the 
area irrigated reduces the reliability of meeting the 
scheme demand, and the number of shortfall years may be-
come unacceptable. 
Total off- and on-farm costs increase considerably 
with an increase in the irrigated area, while the 
marginal benefit of additional water for a mixed cropping 
farm decreases with additional water past a certain minimum 
provision. 
Once a decision has been made to look for a 
total irrigated area that is less than total farm area, 
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the problem becomes considerably more complex than is the 
case for the traditional gravity schemes in which the ob-
jective has been to maximise irrigated area. Preliminary 
scheme planning showed that the larger farms in the Glen-
mark Scheme (approximately 150 ha) would benefit appreciably 
from irrigating areas of over 30 ha, based on farm manage-
ment considerations. In considering the smaller propert-
ies, there were physical constraints to achieving 30 ha of 
irrigated land in many cases. It was decided that, in the 
absence of any technique that allowed a systematic deter~ 
mination of the optimum design area on each farm, the follow-
ing criteria would be used to select the irrigated area on 
each farm: 
The area to be irrigated should be about 36 ha on 
each farm. 
On the larger farms, this area was allowed to float 
upwards if this was compatible with feasible irrigat-
ion system layouts and physical constraints. 
On the smaller farms, the area selected would be 36 
ha or a lower value compatible with physical con-
straints. 
The selection of the location and extent of the irrigated 
area was done on a farm-by-farm basis using the criteria 
listed above, and the results are given later in Chapter Eight. 
2.2.6 The Second Design Question- How Much 
SuppTementa1 Storage Should be Provided? 
Three issues need to be addressed in deciding, 
for a particular farm, how much on-farm supplemental stor-
age is required: 
pattern of storage depletion, 
pattern of storage replenishment, 
reliability of meeting water demand. 
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Consideration of these issues in the tradition-
al approach to the G1enmark Scheme was approached initially 
from an assessment of likely water requirements. Unlike 
the problem of the run-of-river diversion schemes where 
peak flow rates are determined from potential evapotrans-
piration estimates during periods of zero rainfall, storage 
adequacy is dependent upon seasonal water requirements in-
volving the .inf1uence of supplemental rainfall. In addit-
ion, the likely use of irrigation water was anticipated to 
involve a range of crops whose performance was known to de-
pend more upon adequate water at critical times during their 
growth stage than complete satisfaction of water require-
ments from establishment through to harvest. Based on the 
likely crop rotations and the long-term experience of irri-
gators in central Canterbury (Barwe11, 1974), a hypothetical 
watering regime was proposed, as shown in Table 2.3. Em-
bodied in this approach is the assumption that the provision 
of this level of irrigation water supply represents an 
acceptable reliability of achieving crop yields not limited 
by water shortage. 
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The influence of storage replenishment patterns 
on the storage volume required to meet irrigation demand is 
more difficult to simplify in this fashion, being dependent 
upon the stochastic nature of streamflow over long periods 
of time. The approach taken was to adopt a conservative 
pattern'of storage replenishment which assumed that all stor~ 
ages were full at the start of the calendar year and that no 
inflows from streamflow or rainfall were received up to and 
during the following irrigation season. 
Combining the assumptions of demand and supply 
allowed the necessary storage volume on each farm to be com-
puted, and these are given later in Chapter Eight. 
2.2.7 The Third Design Question - What is The 
Reliability of Storage Replenishment? 
Having estimated the vo.lume of stored water to 
be provided on each farm, the next consideration was to 
study the ways of manipulating the flows in the supplying 
streams to ensure replenishment at an acceptably reliable 
level. This procedure is described fully in the Appendix 
Volume, but essentially it consisted of examining the re-
liability of providing once-(calendar) yearly replenishment 
with a variety of pumping and diversion schemes from the 
three available streams in the area. This examination had 
to have regard to the engineering practicalities of these 
schemes and to the regulations of the Regional Water Board 
in respect of riparian flow disruptions associated with the 
scheme works. 
The results of this work showed that the 
operating rules selected allowed the water resources to be 
utilised so as to provide a satisfactory level of reliabil-
ity of meeting scheme water requirements (85 to 95 per 
cent) for all consumers. 
2.2.8 Pre- and Post-Irrigation Farming Systems 
In the Glenmark Scheme 
The physical production levels in the pre-
irrigation situation were based on those being achieved at 
the time of the investigation by the individual farmers. 
In the post-irrigation situation, a modified 
farming system based on the fbest use' of the available 
water and the wishes of the individual farmer was evolved. 
In some instances there was obviously a conflict between 
'best use' and the wants of the individual. When this 
occurred, the system used was a compromise and because of 
this the benefit from irrigation was less than optimum. In 
every case the aim was to be realistic and to develop a 
post-irrigation system that satisfied individual objectives 
and manageri.al capabilities. 
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On most properties, the major changes were an 
increase in the area on cash crop, the introduction of crops 
that because of summer drought could not be considered with-
but irrigation, and increased crop yields. 
In regard to stock, numbers on average were main-
tained to their pre-irrigation levels although there were 
significant changes on individual farms depending upon the 
post-irrigation farming system adopted. A maintenance of 
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average stock numbers was expected because, with irrigation, 
the majority of the cash crops will be spring sown, giving 
the farmer the opportunity to use greenfeeds to provide 
feed for stock during the winter and thereby reduce the 
area of spring grass or lucerne that will be closed for 
hay. This in turn increases the area of available spring 
grazing and on average compensates for the increased area 
in cash crop. 
2.2.9 Economic Analysis 
(a) Farmsr Viewpoint 
The benefit from irrigation to each individual 
farmer within the scheme was measured by the use of two 
status-quo budgets, one before and the other after irrigat-
ion. In each case the measure 6f benefit was the cash 
farm surplus, that is, the surplus cash available for liv-
ing expenses, taxation and re-investment. The budgets 
attempted to represent a realistic status-quo situation in 
regard to both physical production and financial returns on 
a 'whole farm' basis. Income derived on expenditure incurred 
from activities not directly related to the farming enter-
prise were disregarded. The cost of time was not considered. 
It was anticipated that on each farm the irrigated area 
would be fully utilised within 12 months of the completion of 
the scheme and therefore the cash benefits would be virtually 
immediate. 
The increased yields from cash crops after the 
introduction of irrigation and the watering schedule adopted 
for a typical farm (Table 2.3) were based on research 
34 
evidence and the experience of other farmers using irrigat-
ion for this purpose. Dryland yields vary between farms 
and were based on historical evidence of actual production 
levels. 
Cash farm expenditure in the individual bud-
gets (Plank and Heiler, 1977) included all those expenses 
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associated with running and maintaining the farm. Debt 
servicing costs were actual and where applicable included 
principal repayments. In the post-irrigation budgets the 
cost of irrigation was assumed to include interest and 
principal repayments on a Rural Banking and Finance Corporat-
ion loan for the total on-farm post-subsidy capital cost of 
the irrigation scheme, an annual'water charge, the cost of 
power or fuel and repairs and maintenance. Depreciation on 
the irrigation equipment was not included as it was 
assumed that principal repayment on the Rural Bank loan was 
in fact a sinking fund that took account of depreciation. 
The expenditure estimates were based on present 
or actual costs. No account was taken of future increases 
in farm costs. The important point to appreciate is that 
both pre- and post-irrigation expenditure estimates in each 
budget were as close to actual as was .possible, so that the 
net farm surplus was a realistic estimate of the present 
position and of what will happen after the introduction of 
irrigation on each individual farm. 
The difference between the dryland and irrigated 
net farm surplus was considered to be a true measure of the 
actual annual cash benefit to each farmer within the scheme. 
On most farms, the financial benefits from 
irrigation were shown to be considerable. The average 
increase in the net farm surplus represented a return of 
29.5 per cent on the average capital investment. 
(b) NationaZ Viewpoint 
Discussion of how the National Viewpoint 
economic analysis of the scheme was treated is given in 
Chapter Seven of this thesis. 
2.3 ESSENTIALS OF TRADITIONAL DESIGN APPROACH AND 
ITS LIMITATIONS 
2. 3. 1 Introd'uction 
Community irrigation schemes based on water 
harvesting methods are complex systems involving many 
parameters that are interrelated. The traditional design 
approach to such schemes is to simplify the real system to 
a manageable "artificial" system by ignoring some or all of 
the dynamic aspects and creating fixed design problems, the 
solution of which will be "safe". This approach is common 
in many branches o~ engineering, ·its essence being captured 
in the familiar "factor of safety" of structural designers. 
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In this section it is proposed to identify the 
important design decisions made and techniques employed in 
the final design of the Glenmark Irrigation Scheme as des-
cribed in the previous section, and to examine their adequacy. 
This is necessary so that the requirements of any improved 
design methodology can be ascertained. The procedure fol-
lowed is to consider aspects of the scheme design, to sum-
marise the design techniques used, and to conunent on their 
inherent limitations. 
2. 3. 2 Overall S·cheme Design 
It was indicated in Section 2.2 that the final 
design solution arrived at for the Glenmark Scheme resulted 
from essentially a trial and error approach. The proced-
ure followed was to search for a design solution that 
identified, for a specific land-use pattern: 
(i) the irrigated area on each farm, 
(ii) the storage sizes on each farm, and 
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(iii) the diversion and pumping rates from each water 
resource that resulted in economic performance levels judged 
to be acceptable to the farmer and to the nation. How 
quickly an "acceptable" solution can be found for complex 
schemes such as Glenmark, depends both on judgement and 
luck, with no indication as to whether better solutions are 
possible. What is clear though, is that the amount of man-
ual design calculations involved in the traditional approach 
to the scheme must necessarily constrain the range of design 
solutions explored. 
2.3.3 Water Supply System 
The components of the scheme considered here are 
the water resource and its diversion into storage. 
Quantification of the water resources available 
to the scheme was achieved by the fitting of a daily catch-
ment simulation model to 4 years of recorded data, and the 
generation of 45 years of synthetic flow data from an historic 
rainfall recard. Details af thiswark are given in Chap-
ter Faur. In each calendar year af the synthetic recard, 
the tatal valume af water that cauld be diverted ar pumped 
was calculated. Variaus levels af flaw had to. be 
maintained befare diversian cauld cammence, and maximum 
rates af diversian were assumed far the purpase af these 
calculatians. Annual diverted vo.lumes to. replenish star-
ages had been previausly computed based an water demand 
estimates and evaparatian lasses (see Sectian 2.3.4) fram 
each water resaurce, and the adequacy af each divers ian 
rule analysed was judged an the ability af the water 
resaurce to. meet these diverted valume targets in each 
calendar year. Years in which the target was nat reached 
were regarded as shartfall years. No. accaunt was taken af 
carry-aver starage fram wet years to. fallawing dry years. 
Minimum cast salutians to. pravide acceptable reliability 
(87 per cent af years simulated) were ado.pted, so. fixing 
the maximum diversian and pumping rates fram each water 
resaurce. 
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The availability af synthetic daily flaws fram 
the co.mputer simulatian was nat explaited in the design by 
any attempt to. match supply and demand events. calendar 
year estimates af diverted valume bear little relatian to. 
the actual dynamic perfarmance af the system and the inabil-
ity to. include carry-aver starage fram ane year to. anather 
gives rise to. underestimates af the capacity af the resaurce 
to. meet the demand. The techniques used far water resaurce 
quantificatian (using a simulatian madel af catchment behav-
iaur) are judged to. be very suitable far the design af these 
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schemes, even though the potential of full system character-
istics was not explored. 
2.3.4 Water Demand System 
A 'typical' land use pattern was selected and 
applied to each farm in the scheme area and estimates were 
made as to the amount and timing of supplemental water re-
quirements for each crop involved (see Table 2.3). It was 
assumed that these water requirements remained the same in 
each year for which flow estimates were available. Storage 
sizes on each farm were selected to satisfy the demand re-
sulting from the assumed supplemental watering pattern, the 
actual irrigated area on each farm, and assumptions as to 
storage behaviour. For the purpose of allowing for evapor-
ation loss, each storage was assumed to be full at the start 
of each calendar year, and then depleted throughout the year 
by evaporation loss and by irrigation withdrawals, with no 
allowance for replenishment by rainfall or diversion water 
from the water resource. The storage volumes so determined 
were summed to give target diversion volumes for the water 
supply system analysis. 
Errors are introduced into the analysis in 
several ways. Actual supplemental water demands will vary 
from season to season, but no quantitative information about 
this aspect was available for the range of crops in the post-
irrigation farming systems assumed. It was realised that 
the approach taken would be conservative, but the level of 
conservatism could not be established. Furthermore, the 
static portrayal of storage behaviour in each year is obvious-
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ly conservative. In reality, most storages will be full 
at the end of the winter, and evaporation losses in such 
cases will only take place during the spring and early 
summer periods. The techniques used result in over-design 
of system components. This approach is a traditional way 
of handling uncertainty in engineering design problems and 
was justified in the absence of more precise estimates of 
system behaviour. 
2.3.5 Economic Analysis 
In evaluating the economic performance of 
community irrigation schemes, two aspects are of importance. 
Firstly, the adoption of proposals by individuals within 
the scheme area will depend upon access to information that 
allows judgement of the economic consequences (amongst 
other things) of involvement in the scheme. Agricultural 
development options such as increasing stocking rate, more 
intensive subdivision and so on, are traditionally assessed 
in New Zealand by the use of farm budgets, which are commonly 
understood by most farmers. Secondly, the economic perform-
ance of the proposals is subject to scrutiny by governmental 
agencies whenever public monies by way of subsidy are in-
volved. The joint consideration of these two aspec~s has 
been and is a difficult problem in planning community ir-
rigation schemes. 
The approach taken in the Glenmark Scheme was 
somewhat different to that previously employed in other 
government sponsored schemes. Because of the innovative 
nature of the proposals, initial emphasis was given to the 
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preparation of individual status-quo farm budgets for each 
farm involved. It was felt that greater detail was re-
quired in the information available to farmers for decision-
making than in more conventional irrigation proposals. The 
national viewpoint economic analysis (described in Chapter 
Seven) determined benefits for the scheme from the results 
of the individual farm budgets, with appropriate adjustments 
to account for subsidy levels. Capital and annual costs 
were estimated and combined with the benefits in a dis-
counted cash flow analysis to yield economic parameters 
. (internal rate of return, net present value) reflecting the 
worth of the scheme to the nation. 
The more usual approach taken to this problem 
is to first examine the national viewpoint economic perform-
ance of the scheme using partial budgeting methods, and to 
prepare budgets for sample farms, from which individual 
farmers are expected to assess the impact of the scheme on 
their own particular properties. In many schemes, the 
preparation of individual farm budgets is not feasible be-
cause of the number of farms involved. 
It is unlikely that routine stUdies of com-
munity irrigation schemes will be able. to incorporate the 
detailed farm budget preparation used in the Glenmark in-
vestigation. Whilst the approach taken for Glenmark was 
justified by the pioneering nature of the scheme, it is 
anticipated that economic analysis of future schemes will be 
carried out using the more traditional partial-budgeting 
approach. In this respect, the methodology used in the 
design is inappropriate now, not because of its inadequacy, 
but because of the amount of detail included. 
A conunon difficulty with all of the economic 
analysis techniques discussed so far is related to the 
estimates of production levels in the pre- and post-
irrigation farming systems. Typically, subjective esti-
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mates are made of expected production levels in these two 
situations, which are held constant in the benefit calcu-
lations that form part of the discounted cash flow analysis. 
A reality of dryland production levels is high variability 
in droughty environments, resulting in a conservative 
approach by farmers to cash cropping committments and 
stocking rate increases. This aspect cannot be adequately 
considered when subjective estimates of expected dryland 
production are used. Similarly, estimates of irrigated 
production in project areas are often based on little re-
search evidence, even though the assumption of uniform pro-
duction levels in each year of the cash flow analysis has 
more basis. 
It is recognised that many other factors be-
side year-to-year yield variation affect the uncertainty of 
economic performance, such as product price variation and 
correlation between community prices amongst others (Bell, 
1977). Nevertheless, the subjective and static portrayal 
of the pre- and post-irrigation levels in economic analysis 
is potentially a serious source of error in its own right. 
This aspect is treated in more detail in Chapter Seven. 
2.4 REQUIREMENTS FOR A SYSTEMS APPROACH 
2.4.1 Introduction 
In previous sections, the traditional design 
of water harvesting schemes was described with reference 
to the Glenmark Scheme. The limitations in applying trad-
itional engineering design methods to a complex system in-
volving many interrelated parameters were identified. The 
purpose of this section is to illustrate that a computer 
simulation approach to the design problems involved should 
result in more efficient design solutions than are feasible 
using traditional methods, and to indicate the general form 
that such a model should take. 
2.4.2 Main Issues Involved in the Systems Design 
of Community Irrigation Schemes Based on 
Water Harvesting Methods in New Zealand 
La) GeneraZ Assumptions 
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In this section, the requirements and constraints 
involved in the design process are assembled. The design 
process is considered to be the joint consideration of the 
technical and economic aspects in planning the irrigation 
scheme. It is assumed that the type of scheme being studied 
will involve the diversion of water from a number of water 
resources into off-stream storages for use in the supplemental 
irrigation of a range of crops appropriate to local farming 
systems. It is further assumed that the design process may 
have to be undertaken in project situations anywhere in the 
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country, so that due account must be taken of both data 
limitations and the problems of data collection that are 
necessarily involved in such situations. The scrutiny 
given to the physical and economic results of the design 
process by local and national interests has been assumed 
to be similar to that currently employed in New Zealand for 
community irrigation schemes. 
With this general scenerio identified, the 
specific issues of importance can now be addressed. 
(b) The Data Base 
. '. The aim of the design process is to make 
reasoned predictions about the technical and economic per-
formance of the irrigation scheme for a financially rele-
vant future period from the start of the investment of 
money in the scheme. In so doing, the designer must make 
use of a range of physical, agronomic and economic data 
(or assumptions) to assist in predicting the future per-
formance of the irrigation scheme. 
(i) Physical Data: The performance of water 
harvesting schemes will be obviously very much dependent 
upon the availability of water for diversion to storage and 
the demand for supplemental amounts of irrigation water. 
As mentioned previously, streamflow data will be limited, 
but there are good prospects of having available long re-
cords of daily rainfall and temperature data. It is clear 
that the maximum use of such data should be a requirement of 
the design process. 
Assuming that the soils involved do not impose 
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major limitations to irrigation development, the moisture 
retention characteristics of the soils in the project area 
will be influential in determining the supplemental irrigat-
ion water requirements. The design of water harvesting 
schemes involves spatially distributed storage sources and 
therefore the performance of each stora-ge will be influenced 
by the soil properties on the area served. This implies 
that soils data should preferably be available on a paddock 
by paddock basis if accurate predictions of soil moisture 
variation are to be made and the resultant effect on scheme 
performance is to be estimated. Published soils informat-
ion in New Zealand is generally not available in this detail 
unless specific soil surveys are carried out. It is ob-
viously desirable that this be done, and the designer should 
ensure that this level of information on soil properties can 
be meaningfully incorporated in the design process. 
As well as the physical aspects of the environ-
ment just mentioned (climate and soils), other physical data 
of importance to scheme design will be collected during the 
investigation. Once the technical feasibility of storage 
construction is established, the topographic characteristics 
of each storage site assume importance. to the operation of 
each storage and to the scheme as a whole. In much the same 
way that the moisture-retention characteristics of the ir-
rigated soils influence the water demand pattern, the depth-
storage relationship of each darn influences the storage 
status during periods of supply and withdrawal. The charact-
erisation of individual storages is therefore a desirable 
feature for inclusion in the design process. 
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{ii} Agronomic· Data: The designer will re-
quire data about several aspects of an agronomic character. 
In the first instance, the range of farming systems under 
dryland and irrigated conditions needs to be identified. 
This information will come from farm management experts, and 
the design process should be capable of incorporating a 
range of possible farming systems and estimating their in-
fluence on scheme performance. Secondly, the water pro-
duction function of each crop grown is required in the design 
process to calculate both the quantity of water withdrawn 
from storage for irrigation purposes, and to estimate the 
crop yield for dryland and irrigated conditions, an essent-
ial element in any economic analysis of scheme performance. 
{iii} In carrying out the economic analysis of 
scheme performance, it is necessary that all of the costs 
associated with the scheme construction-and operation, and 
the benefits resulting from enhanced agricultural production, 
be calculated. If many design alternatives are to be in-
vestigated, as is desirable, these cost and benefit calcu-
lations must be functionalised within the design process, 
and be capable of easy manipulation to allow for the effects 
of cost and price assumptions on economic performance to be 
assessed. 
{c} System Characterisation 
System characterisation refers to the calculat-
ions that are carried out to allow the physical performance 
of the irrigation scheme to be estimated. There are many 
aspects involved here, but two issues deserve special mention. 
The performance of the water supply - water demand components 
of a water harvesting system depends on events that happen 
over relatively short periods of time. Freshes in the 
streams may allow diversions of water to storage over sev-
eral days only, and the occurrence of moisture stress for 
similar periods in some crops at critical stages of growth 
can be a major determinant in final crop yield. It is 
therefore necessary for the design process to carry out an 
accounting of the water in the dam and soil moisture stor-
ages on a daily basis, if the important elements of the 
system are to be adequately represented. 
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A second aspect that warrants particular attent-
ion is the complexity of the farming systems that may exist 
within an irrigation area. The range of farming systems 
appropriate to the scheme require definition by farm manage-
ment experts, and in many such systems the number and sequenc-
ing of restorative and depletive crops can be complex, and be 
different from one property to another within the scheme, for 
sound agricultural and management reasons. The design pro-
cess, therefore, should allow for this complexity in land use 
on each and every farm within the scheme, if it is to achieve 
a balance with other aspects important to reasonable system 
characterisation. 
The efficiency of the design process will depend 
upon the range of alternative design solutions that can be 
investigated. The complexity of the system involved limits 
this range if excessive manual calculations are involved, a 
point which indicates strongly the desirability of a computer-
based design process. Once this has been decided upon, it . 
is important to ensure that the method developed has as much 
general applicability as is feasible, and that the operation 
of the computer system is user-orientated, that is, it is 
arranged to operate in a manner that complements the skill 
and judgement of the designer. 
(d) EvaZuation of Suaaess 
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No one measure of success can be used to cal-
culate an optimum design solution in schemes of this kind. 
Even though there are minimum levels of economic performance 
that must be reached from the farmer and national view-point, 
the calculation of these levels is influenced by many aspects 
of the system that are imperfectly understood. It is there-
fore necessary that the design process used be able to esti-
mate the performance of the system in many ways, and be able 
to explore the nature of the physical, agronomic and economic 
performance fOr a range of feasible solutions. As such, the 
information coming from the design process is an aid to the 
decision-maker, who may be influenced not only by the per-
formance of the scheme itself, but by other factors that 
exist outside the system investigated (socio-political fact-
ors) and by issues within the system that cannot be adequately 
incorporated in the design (e.g. the desirability of account-
ing for the current social and financial position of individ-
uals) . 
2.5 ADVANTAGES OF A SYSTEMS APPROACH 
The nature of the water harvesting design problem, 
the limitations of the traditional approach to the problem 
and the requirements of a systems approach in the project 
environment have been discus.sed previously in this chapter. 
Returning to the general statement of the problem in 
systems terms as given in equation 1.1, R = f(X,Y) , it 
is possible to restate the capabilities of the traditional 
method and a design method based on a computer simulation 
model in the terms of this equation. Table 2.4 is a 
summary of the arguments presented thus far. The table 
shows that the use of a simulation model is capable of 
accommodating the important components that can be regarded 
as input to the model (X, Y); capturing their interaction 
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in the necessary dynamic framework (f) in a balanced and 
objective fashion; and can be used to isolate measures of 
system response (R) which may be useful in judging the 
costs, benefits and implications of various design alternat-
ives. As such, the use, of a computer simulation design 
model should result in improvements in design efficiency. 
Details of such a model are developed in following chapters. 
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TABLE 2.4:Comparison of Traditional and Simulation Design Approach to Water Harvesting 
Schemes 
System R = f(X,Y) Eqn 1. 
Components of Importance 
Y: Non-Controllable Factors 
Irrigation area cl imate 
Catchment area cl imate 
Synthetic streamflow 
Spatial soils data 
X: Controllable Factors 
Crop rotations 
Crop areas 
Storage characteristics 
Storage operation 
Water resource manipulation 
f: System Model 
Dynamic aspects 
Balance in complexity 
R: System Response 
Crop Yield 
Risk and uncertainty 
Water requirements 
Hydrologic rei iability 
Exploration of alternatives 
Costs and benefits 
Farmer economics 
National economics 
Traditional Design Capabilities Simulation Model Capabilities 
Not treated specifically 
Incorporated 
Not fully exploited 
Not treated specifically 
L1ml ted exploration 
Limi ted exp lora t ion 
L1mi ted i ncorporat ion 
Limited I ncorporat Ion 
Limited incorporation 
Only streamflow considered 
Out-of-balance 
Expected values - subjective 
Limited hydrologic aspect 
Assumed constant 
Ignores variation in demand 
Limited by manual effort 
Limited to fixed annual costs/ 
budgets 
Traditional budgets - no risk 
Limited perspective - no risk 
Daily account taken 
Incorporated 
Incorporated and exploited 
Incorporated and exploited 
Incorporated fully 
Incorporated fully 
Incorporated fully 
Incorporated fully 
Incorporated fully 
Incorporated fully 
Balanced components 
Time series - quantitative 
Full probabil istic estimates 
Time series estimates 
Full accounting done 
Large number possible 
Time Series of costs/benefits 
Partial budgets - -risk 
incorporated 
Probabilistic estimates 
CHAPTER THREE 
DEVELOPMENT OF SYSTEMS MODEL FRAMEWORK 
- AN OVERVIEW 
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3.1 INTRODUCTION 
The choice of a computer-based daily simulation model 
as the most appropriate way of applying the systems ap-
proach to the design of water harvesting schemes is ex-
p1ained in th~s chapter. The selection of an essentially 
deterministic approach to the model is justified by a review 
of the systems literature related to the study of agricult-
ural problems, and with reference to the background to the 
problem under study given in Chapter Two. 
The remaining sections of this chapter describe the 
general framework of the model, so that the details of the 
submode1s described in later chapters can be seen in pers-
pective. In Sections 3.3 and 3.4 a series of diagrammatic 
representations of the model are presented, and used to ex-
plain how the overall model structure was developed. 
A discussion is also presented, in general terms, of 
how the model takes account of the practical problems in-
volved in application of the model to the design of irrigat-
ion schemes based on water harvesting techniques, introduced 
in Chapter Two. 
It should be noted at this stage that the later chap-
ters (4 to 7) which give details of the sub-models involved, 
also include a review of the literature pertinent to each 
sub-model function. 
3.2 SYSTEMS RESEARCH IN THE DESIGN OF IRRIGATION 
SCHEMES 
3 . 2 . 1 In'troduction 
The first part of this section defines the terms 
used in systems research. Typical examples of the applicat-
ion of systems research to agricultural problems, and irrigat-
ion problems in particular, are reviewed in the second part, 
to illustrate that the requirements of the design problem dis-
cussed in Chapter Two are best met by the use of deterministic 
simulation models. ' 
3 . 2 . 2 Sys'terns Resear'ch Terminology 
Before reviewing the use of system's research in 
studying agricultural problems, the terminology to be used 
needs explanation. The terminology given below comes largely 
from writings by Dent and Anderson (1971), Wright (1971), 
Anderson (1974), Morley (1977), Rose (1977), De Boer and 
Harrison (1977). 
A system is a collection of interactive and 
interdependent components, which operates within some concept-
ual boundary to perform a specific function. 
Systems research describes all the activities 
involved in studying systems. These activities include 
system analysis and system synthesis, which involve 'taking 
apart' and 'pull ing together' operations respectively. 
Analysis is primarily involved in explaining the detailed 
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structure and function of a system, whilst synthesis uses 
the understanding gained in the analysis stage to specify 
new groupings of components (system design) or to modify 
the relationship between the components (system management) 
(Wright, 1971). Mihram (1972), however, takes a more 
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restricted view of synthesis, to be the organisation of the 
results of analysis into a logical structure and implementat-
ion on a computer, which suits the approach taken in this 
study of the design process. A model of a system is a 
mathematical representation of the workings of the synthesised 
system. Simulation is the use of the model to conduct ex-
periments that reveal the behaviour of the system through 
time, given a set of hypotheses about how it functions. 
The stages of systems research after Harrison 
(1978) are: 
I. Problem Identification. 
2. Systems Analysis. 
3. Modelling. 
4. Testing the Model. 
5. Using the Model. 
6. Interpretation of the Output from the Model. 
Model testing has potentially three stages: 
verification, validation and sensitivity analysis. Verifi-
cation is the task of ensuring that the model as implemented 
on the computer performs according to the criteria laid down 
in the system synthesis stage, and normally involves removing 
errors from the computer program. Validation is a test of 
whether the verified model structure results in satisfactory 
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mimicry of the. real-world sys"teIri,and consists essentially 
of comparing roodel predictions with observed performance. 
It should be noted here that it is not always possible to 
objectively validate roodel performance, if there are in-
sufficient observations of system behaviour, or if the sys-
tem bei~g roodelled is not yet in existence. It has been 
argued that in such cases roodel validation is best regarded 
as a subjective procedure, and recognised as such (Anderson, 
1974). Sensitivity analysis examines the performance of 
the model to adjustments in the (primarily) unsure parameters 
used in the model formulation, and is intended to identify 
the relative importance of parameters to model output. 
When conducting experiments with the model, 
each agricultural management policy or engineering design 
option (fixing the vector X) becomes a "tre"atment, and each 
treatment exposed to a different set of environmental condit-
ions (contained in vector Y) is a replicate . Treatments 
imposed may be structural (as in fixing the sizes of engineer-
ing components or crop rotations), strategic (such as changing 
crop or livestock policies on a seasonal basis) or tactical 
(such as implementing management decisions within seasons to 
respond to essentially short-term conditions) . 
The systems model yields a prediction of per-
formance for each treatment which must be expressed in a 
form suitable for decision-making. Model output must be 
specifically tailored to the nature of the decision-making 
process involved in the problem under study. 
One point requires clarification, to do with the 
distinction between simulation models and other mathematical 
models. It is the experimentation phase in simulation which 
distinguishes it from analytical techniques such as mathe-
matical and dynamic programming. These latter procedures 
are designed specifically for optimisation purposes rather 
than simply experimentation. The complexity of the pro-
cesses that can be included in analytical procedures is 
limited because of the simplifying assumptions that must be 
made to satisfy computational feasibility, and which limits 
their applicability for complex dynamic systems of the kind 
studied in this thesis. 
Mathematical models of water resource develop-
ment projects in agriculture may be static or dynamic, de-
terministic or stochastic. The inadequacies of static 
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representations of processes that are very much time-dependent 
have already been mentioned, so that dynamic models are gen-
erally regarded as most appropriate (Anderson, 1974). De-
terministic models use historical sequencing of input data 
and incorporate relationships within them that have no stoch-
astic element whatsoever, so that for a given input the out-
put is entirely predictable. Stochastic models treat some 
of the non-controllable exogenous variables as stochastic, 
and random series of their values are generated, via a probab-
ility function, during each simulation run. Stochastic 
models also take account of the residual variance of esti-
mated operating characteristics in the model. If several 
stochastic variables are involved, attention must be given to 
correlations between them in a given time period, and to cor-
relations within them over time. 
3.2.3 A,pp1ication of SYstems Research to 
Agricultural Problems 
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The literature on this subject is now extensive, 
as evidenced by a review by Anderson (1974) citing nearly 
400 references to relevant published material in the simulat-' 
i.on field alone. The approach taken in this review is to 
consider selected examples of work under the following head-
ings: 
(a) deterministic simulation models, 
(b) stochastic simulation models, 
and (c) simulation models used with mathematical 
programming, which generally represent increasing computat-
ional complexity. The purpose of this review is to explain 
why the simplest approach, that of utilising a deterministic 
simulation model, was considered most appropriate in this 
study, and the arguments for this choice are embedded in the 
review that follows, and are summarised in the final section. 
(a) Determinis tic Simu Zation Mode Zs 
Reports in the literature of the use of determin-
istic simulation models in studying agricultural problems have 
had various objectives, including the development and testing 
of crop yield models, agricultural and irrigation management, 
and for system design. These objectives provide a convenient 
basis for ordering the discussion which follows. 
Deterministic simulation models used for develop-
ing and testing algorithms to predict crop yield consist in 
part of the solution of the basic water balance equation using 
historic climate data as input and comparing generated soil 
moisture levels with soil moisture observations. Studies by 
Stewart and Hagan (1973), Flinn (1971), Greacen and Hignett 
(1976), Minhas et az'(1974). and Hiler and Clark (1971) were 
concerned primarily with crop yield prediction, and used var-
ious mathematical techniques to select the parameters of the 
crop yield algorithms to best estimate recorded yields for a 
range 0 f crops. 
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Other studies have had as their additional ob-
jective the use of crop yield models in management studies, 
whilst incorporating the essential ingredients of the crop 
yield modelling studies. Farm management options for im-
proving profitability under irrigation were reported by Ritchie 
(1976), Berndt and White (1976) and Wright and Baars (1976), 
whilst other workers have used the deterministic simulation 
approach to specifically study the problems of irrigation 
scheduling (Bidwell, 1976; Jensen, 1972). 
Whilst the use of deterministic catchment simu-
lation models is now routine in hydrologic studies (Mein, 
1977), only a few reports of deterministic simulation models 
for system design (economic or engineering) have been found 
in the literature. Ashkanasy et aZ. (1978) used a determin-
istic simulation approach to check a simple probabilistic 
method of design for a water supply dam at Karurnba in North 
Queensland based on water harvesting methods, although de-
tails of the simulation model were not given. Meynick 
(1978a, b) reported the use of a deterministic simulation model 
for assessing the viability of on-farm storage augmentation 
of irrigation in the Da~ling Downs area of Queensland, which 
incorporated a crop yield model, an irrigation decision model 
and an objective function of maximising output on a typical 
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farm. Recently, Rydzewski and Nairizi (1979) used a 
deterministic simulation approach in a study of the economic 
effects of deliberately underwatering an unlimited land area 
with a fixed water supply. 
The examples mentioned in the preceding para-
graphs have all used historical climate data to drive purely 
deterministic models, and the design studies have made pre-
dictions about future performance from the results of 
historical simulation. It is believed that a historical 
record length in excess of 30 years is suitable for design 
studies (Ashkanasy et al., 1978), being long enough to capture 
the main features of the probability distributions of input 
data. 
The use of historical data has been criticised 
by Anderson (1974) as discussed below. 
(b) Stochastic Simulation Models 
In models of this type, there are two aspects 
that are treated differently than in the models just discussed. 
The exogenous variables of importance (commonly climate and 
product price) are represented as probability distributions 
whose parameters may be estimated objectively (as is usual for 
rainfall) or subjectively (as is usual for price). Data for 
use in the simulation model are sampled from the established 
distributions. Secondly, the imprecise nature of the re-
lationships involved in the model are recognised and an at-
tempt is made to account for this imprecision (as represented 
by unexplained variance) by incorporating an appropriate 
stochastic element into the simulation. 
Proponents of this approach (Anderson, 1974; 
Phillips, 1971) reason that the historical data represent 
only a sample of an effectively infinite population, and 
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that the use of imprecise causal relationships in the model 
results in unknown errors and underestimates of the var-
iability of model performance. There are problems, however, 
involved in stochastic specification of input data. When 
several exogenous variables are involved in the system 
(e.g. several rainfall stations, pan evaporation, temperature, 
streamflow) correlations between variables within the same 
time period and within variables over a given time period may 
be important, and are often difficult to define and preserve 
in the specification of joint probability distributions with 
the data available. The importance of the bias involved in 
using historical data must also be clearly judged in relation 
to possible errors from other components of the simulation 
model, and should include an assessment of whether the effects 
of stochasticity can be estimated by techniques other than 
treating the input data in a stochastic fashion. As the 
impact of the stochastic character of exogenous variables 
are revealed by many encounters with the model (100 or more, 
Phillips, 1971), this approach may be -impracticable because 
of computing costs. 
Anderson (1974) lists many studies of this type, 
a typical example of which is a study by Dumsday (1971), who 
developed a simulation model of a soil conservation system in 
New South Wales. Input values of daily rainfalls were gen-
erated from a stochastic model, derived by smoothing an 
historical period of weekly rainfalls followed by independent 
sampling, with the daily rainfalls obtained by a probabil-
istic decomposition of the sampled weekly total. 
One of the advantages claimed for this sort of 
approach, apart from the formal recognition of the bias in 
using historical data, is the reduction in computer storage 
effected. The importance of this should be judged in re-
lation to the total storage requirements involved" in the 
computer operation of the model. 
(c) SimuZation ModeZs Used with MathematiaaZ 
Programming 
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Studies included in this category can be re-
garded as the most computationally complex of these reviewed 
thus far, and involve combinations of either deterministic 
or stochastic simulation modelling with linear or dynamic 
programming. In all cases, simplifying assumptions are 
made about the performance of the real system which are 
necessary to·make the mathematical optimisation techniques 
tractable. The studies are primarily concerned with optim-
isation, the simulation component being subsidiary to the 
linear or dynamic programming component. 
Sorrenson (1977a) used a deterministic simulat-
ion model in a study of the operation of a farm-scale water 
harvesting system at Massey, to evaluate four irrigation 
strategies in terms of water requirements and dry matter pro-
duction of pasture and maize over a 15 year historical time 
period. Results of 'average' and 'dry' year production from 
the simulation model were used in a linear programming graz-
ing model with the objective of maximising total gross mar-
gins for several stocking rates and irrigation schedules. 
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It is not feasible to incorporate theresul ts of a simulation 
study fully into a linear programming optimisation for reasons 
of computational complexity, a point noted by Sorrenson. 
There are advantages in this approach for management studies, 
however, as the impact of the real system on management 
strategies is better estimated using the simulation-linear 
programming approach than in the absence of the simulation 
component. In general terms, how.ever, the approach has no 
relevance to the design of complex systems that involve 
mul tiple objectives, or to the study of management systems 
where temporal decision-making is an important item. 
Several studies have used stochastic simulation 
models in conjunction with dynamic programming (Ahmed and van 
Bavel, 1976; Cordova and Bras, 1979; Dudley et al., 1971, 
1972) primarily to optimally allocate irrigation water within 
and between seasons. The computational requirements involved 
in the dynamic programming components have generally restricted 
such studies to single farm - single crop problems. Windsor 
and Chow (1971) used a two-level optimisation approach in-
volving dynamic programming to study water allocation and 
linear programming to optimise crop-mix for two crops on two 
soil types. 
The relevance of mathematical programming to 
the complex dynamic systems involved in community irrigation 
projects must be questioned. They cannot be applied to pro-
jects that are likely to involve more than (say) four or five 
different soil types, separate storage provision and farm 
management strategies for in excess of twenty farms, and be 
influenced by the performance of many crops and crop rotat-
ions, without reducing the complexity of the systems being 
studied to a simplistic and artificial level. 
3.2.4 Summary-and' Concl"u"sions 
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In Chapter Two, some of the important practical 
issues involved in the design of water harvesting schemes 
were identified and it was shown that the system under study 
was complex, dynamic and involved relationships that are 
likely to be imperfectly understood in the project situation 
because of data limitations. Spatial characterisation of 
the engineering and agricultural system was shown to be neces-
sary if realism was to be approached, and this makes the 
simulation approach both necessary and complex. 
The application of systems research into agri-
cultural problems was reviewed in Section 3.2.3, and three 
broad classes of modelling were suggested - deterministic 
simulation models, stochastic simulation models and simulation 
models used with mathematical programming. In considering 
the applicability of these approaches to the design problem 
under study, limitations were identified with all three. 
The major limitation of the preferred deterministic approach 
was the neglect of stochasticity associated with exogenous 
variables and imprecise process formulations. The problems 
in stochastic incorporation for large complex systems are 
considerable, and especially complicated by the necessity to 
accurately account for correlations within and between the 
climatic variables if the temporal matching of supply and de-
mand patterns is to be preserved. Finally, it was recognised 
that the many encounters with the model required would involve 
very large computing costs, because of model complexity. The 
question of optimal-seeking mathematical constructs was con-
sidered, and studies using linear and dynamic programming in 
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conjunction with simula,tion were reviewed. It was concluded 
that the simplifications to the system necessary to apply 
these techniques made them inappropriate to the system under 
study. 
The main conclusion of this section is, there-
tore, that deterministic simulation models are most suitable 
for the computer-bas~d design method here being developed, 
but that the limitations inherent in the neglect of stochast-
icity must be recognised and further considered. This' 
particular aspect is dealt with in Chapter Seven. 
3.3 DEVELOPMENT OF THE MODEL FRAMEWORK 
Model description can be given perspective by referring 
once again to equation 1.1, R = f(X,Y). The model has four 
essential elements. The first two are data inputs, repres-
enting the vectors of factors X and Y, being respectively the 
controllable and non-controllable factors influencing model 
response. The calculations carried out during the simulation 
represent the relationship between a response variable and 
causal factors, and are effectively the systems model, f, the 
third element. The fourth element is the vector of response 
variables, R, which is the output of the systems model. 
Figure 3.1 shows the essential nature of the model. 
Fixed input data specific to the site being modelled are not 
controllable by the investigator (the vector of factors, Y). 
These include data on streamflow, climate, soils, crop 
physiology and physical features of storage sites. In addit-
ion, fixed input data specific to the scheme framework become 
fixed once the conceptual solution to the problem has been 
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VECTORS X AND Y 
I 
i 1 
Vector of Factors, Y Vector of Factors, X 
FIXED INPUT DATA VARIAB-LE INPUT DATA 
1) Site Specific 
Streamflow, climate, soils,crop Diversion and pumping 
physiology, physical features. rates 
2) Scheme S:eecific Storage sizes 
Areas irrigated 
Storage location, diversion Crops grown sites, reticulation layout, 
irrigation method. Management rules 
L I 
, I 
SYSTEMS MODEL (f) 
Calculations During Simulation 
l. Water Supply Sub-System (Chapter Four) 
2. Water Demand Sub-System (Chapter Five) 
3. Crop Yield Sub-System (Chapter Six) 
4. Costs and Benefits (Chapter Seven) 
VECTOR OF RESPONSE VARIABLES (R) 
1 I ~ 
Physical Agronomic Economic 
Performance Performance Performance 
Storage status Crop Yields Costs 
Soil moisture Nature of yield Benefits 
deficit short-falls 
Water resource Cost-benefit analysis 
utilisation 
Figure 3.1: Framework for Model Structure, R = f(X,Y). 
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identified, such as the number and location of s.torages r 
types of diversion structures, reticulation layout and method 
of irrigation to be used. Variable input data, on the other 
hand, represent options selected by the investigator to des-
cribe the sizing of the scheme components within the con-
ceptual design framework (the vector of factors, X). Opt-
ions selected for analysis will include trial values for 
diversion and pumping rates, storage sizes, areas and crops 
irrigated and irrigation management rules. 
The third element in the model is the calculations 
carried out in the daily simulation of system operation for 
an historical period (the relationships, f). The calculat-
ions are essentially daily balances of soil moisture and 
storage status, subject to the management rules, physical 
constraints and feedback loops operating in the system. For 
the purpose of later description, the series of calculations 
involved are grouped into sub-models applicable to the water 
supply system (Chapter Four), the water demand system (Chapter 
Five), the estimation of crop yield (Chapter Six), and the 
estimation of costs and benefits (Chapter Seven). 
The fourth element is the model output and its inter-
pretation (the vector of response variables, R). Basically 
the option selected will result in particular levels of 
physical performance (as indicated by the adequacy of meet-
ing irrigation demands) and agronomic performance (as measured 
by the predicted crop yield). Measures of the economic per-
formance of the option selected can be calculated by consider-
ing all the costs and benefits involved. The use and inter-
pretation of the model output is the subject of Chapters 
Eight, Nine and Ten. 
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3.4 MODEL OPERATION 
3.4.1 Diagranunatic portrayal 
The operation of the model is described in general 
terms in this section, by reference to Figures 3.2 and 3.3. 
The flow of water into the system, its storage 
and use for irrigation within the system, and flow of water 
out of the system are portrayed in Figure 3.2, using Forrester 
notation. This presentation allows the essential elements of 
the model to be identified, showing the main feedback loops 
that control the level of water in the" darns and in the soil 
moisture reservoir. The components of the model that are 
detailed in subsequent chapters are also indicated. This 
representation is incomplete in that other factors also in-
fluence the rates and levels shown. These have been omitted 
from Figure 3.2 to enhance the clarity of presentation, but 
are" included in similar diagrams of the submodels in later 
chapters where more detail is appropriate. 
A simplified computer flow chart of model operat-
ion is shown in Figure 3.3, which indicates the sequence of 
calculation and the general model structure. 
3.4.2 Sequential Operation of the Model 
The model has been developed for interactive use, 
so as to allow a series of simulation runs from a computer 
terminal, each subsequent run being selected on the basis of 
the performance levels achieved in the previous simulation run. 
During each simulation run, the sequential operat-
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Figure 3.3: Simplified Flow Chart for Computer Model 
ion of the model ~s as follows: 
The variable input data (X) are specified via the 
terminal to the programme to fix the option being 
investigated. 
All of the fixed input data (Y) are read into the pro-
gramme and held for the duration of the simulation, 
except for the daily data on streamflow and rainfall. 
The calculation algorithm (f) enters a monthly loop, 
reading into the programme sequential monthly records 
of streamflow and rainfall. 
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Within each monthly loop a daily calculation is carried 
out, performing all the balances necessary to simulate 
the system operation, and preserving the level of particular 
parameters needed in later calculations. 
Within the daily loop crop growth based on daily in-
formation is modelled. 
At the end of each monthly loop crop, growth based on 
monthly information is modelled, and costs dependent 
on monthly operation are calculated. 
After the data from a pre-specified number of months 
have been run, the physical, agronomic and economic 
performances of the model (R) are available for perusal. 
If further runs are required, the sequence can be re-
peated with the variable input data being reset, until 
it is desired to exit from the programme. 
3.4.3 Summary 
The essential features of the model operation 
are hence: 
daily s'imulation of the system using a deterministic 
model, 
interactive control of variable input data, 
option selection influenced by information about the 
physical, agronomic and economic performance achieved. 
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It will be noted that no formal optimisation of 
anyone measure of achieved performance is attempted during 
the stimulation runs. This aspect is discussed fully in 
Chapter Nine, but the main reason for deliberately omitting 
automatic optimisation is the inappropriateness of identifying 
anyone performance level of the vector R to maximise for 
schemes of this type. 
3. 5 DESCRIPTION OF SUB-SYSTEM MODELS 
In the following four chapters (4, 5, 6 and 7), the 
sub-system models that comprise the systems model are des-
cribed. The description of each sUb-system model includes 
the general modelling principles employed, the assumptions 
involved in key algorithms and an assessment of their effect-
iveness. In addition, the application of these general 
features to the Glenmark modelling exercise is discussed. 
In the water supply and water demand sub-systems, the 
systems model incorporates some coding specific to the Glen-
mark Scheme. Both these sUb-systems are therefore depend-
ent upon the scheme configuration adopted, which is primarily 
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an engineering matter related to project-specific conditions. 
It is the experience of this study that both sUb-systems are 
best treated in this way. Any general method capable of 
incorporating the range of scheme configurations likely to 
be encountered in other areas could not be justified because 
of the uncertainties as to what these might be in the real 
world. 
The sub-systems for crop yield estimation and economic 
analysis, on the other hand, are capable of solution by gen-
eral methods. This applies also to the methods developed 
to handle the common problems of coping with the multi-farm, 
multi-crop scenario and to take account of the spatial var-
iation of soil type and the different depth-storage relation-
ships of individual on-farm storages. 
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CHAPTER FOUR 
MODELLING OF THE WATER SUPPLY SUB-SYSTEM 
4.1 NATURE OF THE SIMULATION PROBLEM 
The characterisation of the water supply sub-system in 
schemes based on water harvesting methods involves three main 
aspects: quantification of the water resource available, 
diversion from the water resource, and storage· of water in 
off-stream locations for supplemental irrigation purposes. 
These aspects are interrelated, and are also influenced by 
the temporal and volumetric nature of water withdrawals from 
each storage - by the mechanisms of evaporation and seepage 
and for irrigation demands.· The interrelationships are shown 
in Figure 4.1. The question of water demand for irrigation 
is examined in Chapter Five, and the other factors are the 
subject of this chapter. 
Before detailing the techniques employed in this study, 
it is useful to discuss the general nature of the problem, so 
as to elucidate the important issues that must be addressed 
in a model of the system. 
(a) Water Resources 
The incentive to use water harvesting techniques comes 
initially because the water resources available preclude trad-
itional approaches. Community irrigation schemes in New 
Zealand have traditionally been implemented using run-of-river 
diversions from unregulated streams with reliable summer 
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flows, or from streams subject to a large degree of on-stream 
regulation by major storage construction. Water harvesting 
schemes typically rely upon streams that cease to flow at 
different times during the year, very often during the summer 
irrigation season, and in some cases on streams that only 
flow for relatively short periods after heavy rainfall. 
Two problems arise because of the dep~ndence of supply 
upon non-perennial streams. The first problem is that 
water can only be diverted from these streams during flood or 
fresh, when changes in flow rate are extremely rapid and when 
flow periods last for a relatively short period of time. 
Characterisation of the water resource must therefore include 
accurate assessment of not only when flood runoff will occur, 
but also estimates of flow rate at intervals of time that are 
short - the shorter the time period, the more accurate is the 
subsequent estimate of diversion quantities. In addition, a 
long period of record is needed if the impact of year-to-year 
variations in flow is to be investigated with reliability. 
The second problem is to do with lack of data for these 
streams. Non-perennial streams are unlikely to have informat-
ion of this type available, because they are of minor importance 
individually and there are very many more such streams, ob-
viously, than major streams which attract the majority of the 
national effort devoted to hydrological investigation. 
(b) Water Diversion 
Any works designed to take or divert natural water in 
New Zealand must be licensed under the provisions of the Water 
and Soil Conservation Act, 1967. The license constraints for 
the diversion of flood water will normally provide for a mini-
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mum flow in the stream below which no diversions are allowed, 
so as to maintain the low-flow ability of the stream to 
supply stock and domestic water downstream of any proposed 
works. Xn addition, an upper level constraint will be in-
volved which identifies the maximum rate at which flood water 
may be diverted. Schemes-based on gravity diversion (as 
for the Weka Creek system in the Glenmark Scheme) will be 
capable of taking all flows between the lower and upper flow 
levels. Where flood pumping is involved (as for the Home 
and Omihi Creeks), several pumping rates may be indicated 
between the two levels. 
For acceptable general utility, it is necessary that 
the computer design model be able to accept options for pump-
ing or gravity diversion, and for different lower and upper 
level flow constraints. 
(c) Water storage 
An essential feature of water harvesting schemes is that 
the bulk of the storage regulation of flow takes place off-
stream, made necessary because of the physical and economic 
problems associated with on-stream storage regulation. Where-
ever possible, subject to engineering and economic considerat-
ions, storage is provided on individual properties. The com-
puter design model must therefore be capable of characterising 
the operation of a large number of storages, each with particu-
lar inflow sequences (depending on water diversion schemes) , 
water demand patterns (depending on the crop sequences grown) 
and different volumetric responses to the depth changes as soc-
iated with rainfall and evaporation. An important practical 
consideration also, is that the means of simulating storage 
characteristics must take account of how individual storage 
possibilities can be identified and quantified during field 
surveys of the project area. 
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The remainder of this chapter treats in detail these 
aspects - quantification of the water resource, water divers-
ion and water storage. 
4.2 WATER RESOURCE MODELLING 
4.2.lIntroduction 
The design of water harvesting schemes should 
ideally be based on actual or estimated daily streamflow in-
formation for the water resources involved. The water demand 
sUb-system model accepts such data as input, and a discussion 
follows as to how these might be obtained. 
It is realistic to assume that very little 
streamflow data will be available on the streams likely to be 
invo~ved in water harvesting projects. Quantitative informat-
ion on which to base scheme design will therefore rely upon 
estimation procedures using locally available climate data. 
The methodology used for approaching this problem in the Glen-
mark situation appears to be generally applicable for similar 
schemes, and is de.scribed in detail later in this chapter. 
Before describing the modelling approach used in 
the Glenmark study, however, a brief review of the literature 
concerning the mathematical modelling of catchments is useful 
to identify the sort of model best suited to the purposes here. 
A general distinction can be made between stochastic catchment 
models and deterministic catchment models. Stochastic models 
76 
produce an output which has certain statistical properties, 
derived from the input data via some probability function 
(Me in, 1977). A notable early example of a stochastic 
modelling approach is the Thomas-Fiering model, which gen-
erates a streamflow record possessing predefined statistical 
properties, but which ignores historical sequencing (Thomas 
and Fiering, 1962). Deterministic models, on the other hand, 
have no stochastic element, giving the same output for the 
same input data. As this study is concerned with historical 
s~mulation, only the deterministic models are considered 
further here. 
Deterministic models of catchment response can 
he subdivided further into 'black-box' models and component 
models. Black-box models use historical input and output 
data to derive mathematical connections between the two, 
attributing no physical meaning to the connections so identif-
ied (Mein, 1977). Component models, on the other hand, pur-
port to capture the essential hydrologic components of the 
catchment, such as interception, overland flow, soil moisture 
storage, groundwater flow and so on. Well-known examples of 
component models are the Stanford Watershed Model (Crawford 
"t< ,"-I!, 
and Linsley, 1966) and the Sacremento Moqel (Burnash, Ferral 
and McGuire, 1973) in the USA, and the Boughton Model (Boughton, 
1966, 1968), and the A.W.R.C. Representative Basins MOdel 
(Chapman, 1970) in Australia. 
The general approach taken in this modelling 
study is essentially a deterministic one, and is component or 
process-oriented, in the way in which the engineering and 
agronomic problems are characterised. It is consistent there-
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fore, to look towards a component catchment model for the 
water resource study involved. 
4.2.2 Application of D"eterministic Catchment 
Models in New Zealand 
The New Zealand experience in the use of catch-
ment simulation models has recently been reviewed by Ibbitt 
(1979) . The majority of the work reported was concerned with 
the testing and application of overseas models for post-
graduate research purposes. The earliest of these was work 
by Taylor (1971) who made modifications to the basic Boughton 
model to improve its use in New Zealand. Wood (1973) used 
quarter hourly and hourly time steps in the Stanford Water-
shed Model to improve the infiltration component in the model, 
whilst Beable (1976) looked at the use of a distributed catch-
ment model based on the Laurenson Runoff Routing Model (Lauren-
son, 1962) to qualitatively assess the impact of land use 
changes in the Waimakariri River catchment. Apart from the 
work of Taylor, which was taken up and used further in routine , 
work by Harrington (1976), no follow-up work on the other 
studies has been reported. 
Very little ad-hoc application of catchment models 
for project design has yet been carried out. Jowett and 
Thompson (1977) used a distributed rainfall-excess/unit hydro-
graph model of the Clutha Catchment as an aid for flood and 
sediment studies for hydro-electric storage structures. 
Heiler et at. (1977) described work with the modified Boughton 
model for the final design of the Glenmark Irrigation Scheme. 
The modified Boughton model has been used on a 
routine basis by Harrington (1976) and can claim to have had 
most application of any of the models investigated thus far 
in New Zealand. It is this model that was used in the G1en-
mark application, as described in the next section. 
The version of the modified Boughton model used 
is portrayed in Figure 4.2. Input data requirements of the 
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model are daily rainfall and monthly mean temperature for 
calculation of monthly potential evapotranspiration by Thorn-
thwaite (1948). A discussion on the choice of the Thornthwaite 
method for potential evapotranspiration estimates in this study 
is given in Chapter Five, within the context of its use in soil 
moisture modelling on the irrigation area, and is not elaborated 
on further here. 
4.2.4 Streamflow Simulation for the Glenmark Study 
(a) Data 
Flow measurements were commenced in July 1972 
on the Weka Creek with the construction of a timber Cipoletti 
weir and installation of a Foxbor~ water, level recorder. 
Discharge data were available from this time until December 
1975. Existing control structures were rated on the Home and 
Omihi Creeks during the course of the study, and flow measure-
ments based on manual observation of depth gauges at these 
struct.ures were commenced in .... :une 1972 and May 1974 respective-
ly. These data are not continuous, being reliant on farmer 
observation. Details of the recording installations, flow 
measurements for rating purposes and data collected are given 
ET 
PCUS x H x AB/ 
USMAX 
or 
PCUS x ET 
RAIN 
INTERCEPTION STORE 
CAPACITY CEPMX 
UPPER SOIL STORE 
CAPACITY USMAX 
AB 
EXCESS OF USMAX 
DRAINAGE STORE 
CAPACITY DRMAX 
AC 
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Notes: 
1. AA,AB, etc = present volumes 
in stores shown 
2. 1 = sequence of operation 
3. ET = potential evapotranspiration 
4. See Table 4.2 for values 
RUNOFF STORE. 
AF 
or (FC+O.Ol) (FO_FC)e-(AAK)AD 
SUBSOIL STORE 
CAPACITY SSMAX ~----------~SPILL 
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Figure 4.2 
AD (l-e -FSS) 
GROUNDWATER STORE 
AE (AE) (-log (RCGW» 
Modified Boughton Catchment Model 
(after Harrington, 1976) 
RUNOFF 
in the Appendix Volume, Appendix A - Water Resource Assess-
ment. 
Daily rainfall data were available for the 
period 1931-1975 from three farmer-operated gauges in the 
catchment area of the Weka Creek from which a "Thiessen-
weighted catchment mean rainfall was calculated. 
Mean monthly temperature data, calculated from 
daily maxima and minima temperatures, were available from 
the New Zealand Forest Service Headquarters at Waipara for 
the period 1972-1975, and prior to 1972 at the Christchurch 
Museum. These data were used to calculate estimates of 
monthly potential evapotranspiration -using the Thornthwaite 
method. 
(b) AppZicatian af the Catchment SimuZatian MadeZ 
ta Weka Creek 
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The data set was divided into two periods for 
calibration and testing of the catchment model. The cali-
bration period was from July 1972 to December 1973; and the 
testing period was from January 1974 to December 1975. The 
detailed results of the simulation study are given as plots 
of the daily mean discharge of the recorded and simulated 
streamflow in Figure A-2 of the Appendix Volume, and are 
summarised as compared monthly flow duration curves in Figure 
4.3 and as estimated and actual monthly runoff volumes in 
Table 4.1. The final values of the optimised model parameters 
used in the study were those calculated during the calibration 
period and are shown in Table 4.2. 
The periods used for calibration and testing con-
tained a range of flow conditions from high to low flows, 
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Table 4.1: Actual and Simulated Runoff Volumes for-
Weka Creek (cumec days) 
1972 1973 1974 1975 
Month. ActuC!.l Sim. Act-qC!.l. ~i.m •. Ac;t~al Sim. Ac;t-qal 
Jan. 0.08 0.31 0~44 0.39 9.92 
Feb. 0.16 0.13 1. 70 0.19 4.55 
Mar. 0.18 0.06 2.91 2.70 55.73 
Apr. 0.24 0.03 31.39 29.42 0.66 
May 0.82 0.02 8.72 7.35 1.96 
June 0.88 0.01 12.68 8.28 11.32 
July 1.87 0.01 10.68 3.11 4.06 
Aug. 1.93 2.56 24.36 20.12 21.62 18.65 19.39 
Sept 0.46 2.45 4.98 3.52 69.88 60.20 7.11 
Oct. 8.14 12.86 1.10 1.55 23.19 31.86 5.79 
Nov. 0.00 1.35 7.10 7.42 4.94 7.00 5.00 
Dec. 0.00 0.69 0.85 0.82 0.68 2.80 0.46 
Annual 10.53 19.91 42.62 34.00 188.83 171. 95 125.95 
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Sim. 
4.87 
2.00 
23.65 
1.08 
0.65 
15.12 
1.83 
10.23 
5.34 
9.14 
5.76 
2.60 
82.27 
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Table 4.2: Optimised Model Parameters (refer to Figure 4.2) 
Parameter optimised Units Description 
v.a1ue 
CEPMX 3.69 0.01 inch ) Capacities of stores 
) in model 
DRMAX 55.66 ) 
) 
SSMAX 313.10 ) 
) 
USMAX 388.27 ) 
FO 17.40 0.01 inch ) Parameters in infi1-
) tration equation 
FC 0.0006 0.01 inch ) 
- AAK*SS ) . 
AAK 0.0040 Dimensionless ) F = FC + (FO-FC)*e 
FSS 0.0031 Dimensionless Groundwater recharge 
constant 
RCGW 0.9730 Dimensionless Reservoir constant 
- Groundwater 
RCDR 0.7790 Dimensionless - Runoff Store 
RCDS 0.7580 Dimensionless - Drainage Store 
H 35.00 0.01 Maximum possible 
potential evapo-
transpiration rate 
at field capacity 
PCUS 50.00 per cent % evapotranspiration 
from upper soil store 
typical of the variability experienced in the study area, 
hence the model parameters derived should be free from bias. 
This is supported by the similarity of model response in 
both the calibration and testing periods, using model 
parameters derived from the calibration period only. 
The model generally underestimated runoff from 
the Weka Creek by about 15 to 20 per cent (see Figure 4.3). 
Study of Figure A-2 in the Appendix Volume shows that the 
model fails to predict small flow events in the Weka Creek, 
an understandable limitation when using a lumped daily model 
on a catchment that is 'hydrologically small' (Burton, 1969) 
and which is influenced by pronounced partial area contri-
butions from relatively impervious riparian zones during 
storms which have low daily totals, but temporally high in-
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tensities (Betson, 1964). As there are no short-period rain-
fall data available, this limitation must be accepted. It 
is obvious, however, that the model results capture the major 
elements of importance to the problem at hand, which is con-
cerned with diversion of flood water during medium and large 
flood events. The predicted start of such events and the 
predicted duration of flows up to levels feasible for divers-
ion (perhaps 3000 lis) matches the recorded data quite reason-
ably, albeit giving a conservative bias to estimated diversion 
volumes. 
(e) StreamfZow SimuZation for the Home and Omihi Creeks 
Insufficient flow data for the Home and Omihi 
were available for application of the catchment simulation 
modelling approach just described. For the purposes of the 
total simulation design exercise, however, estimates of daily 
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flow in each of the streams are required. This requirement 
was not present in the traditional design approach documented 
in Appendix A of the Appendix Volume, where the reliability 
of meeting fixed demands for the Omihi and Home systems was 
assessed on the basis of a comparison with reliab.ility esti-
mates made for the Weka system, together with a general analy-
sis of the relative water resource characteristics of the 
three streams. 
The approach adopted in this study to estimate 
daily flow in the Home and Omihi Creeks is described in the 
following paragraphs of this section. Initially, the work 
carried out during the original investigation (detailed in 
the Appendix Volume) is summarised, to illustrate the general 
similarities and differences between the three streams. 
This is followed by a detailed analysis of recorded daily 
flow values which results in the predictive equations used in 
this study. 
(i) Relationships Based on Monthly and 
Surface Runoff Volumes 
Recorded flow data for the three streams 
was expressed in terms of monthly runoff depth per unit of 
catchment area (mrn) and surface runoff depth per unit of 
catchment area (mrn). Surface runoff volumes of flood events 
were calculated using standard hydrograph separation tech-
niques. These data are listed in Tables All, A12 and Al7 
of the Appendix Volume. 
as follows: 
Regression equations were calculated 
,-
HM = 
HSR = 
OM = 
OSR = 
where 
0.83 WMI + 3.27 
0.83 WSRI - 3.28 
0.44 WM2 + 2.51 
0.53 WSR2 + 7.16 
2 (R = 0.88) 
2 (R = 0.94) 
2 (R = 0.77) 
2 (R = 0.69) 
HM = monthly runoff depth per unit area for Home 
Creek (nun) 
HSR = surface runoff depth per unit area for Home 
Creek (rom) 
WMI = monthly runoff depth per unit area for Weka 
Creek concurrent with-Home Creek record (nun) 
= surface runoff depth per unit area for Weka 
Creek concurrent with the Home Creek 
record (nun) 
OM = monthly runoff depth per unit area for Omihi 
Creek (nun) 
OSR = surface runoff depth per unit area for Omihi 
Creek (rom) 
WM 2 = monthly runoff depth per unit area for Weka 
4.1 
4.2 
4.3 
4.4 
Creek concurrent with Omihi Creek record (rom) 
= surface runoff depth per unit area for Weka 
Creek concurrent with Omihi Creek record (nun) 
In all cases the relationships shown in 
equations 4.1 - 4.4 are based on very limited data (n values 
7, 4, 13, 12 respectively) caused by long periods when ob-
servations were not made by farmer-observers at the Home and 
Omihi Creek recording sites. The results, however, support 
the general proposition that the responses of the three 
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streams are generally influenced by the same rainfall-
producing mechanisms, and that they are quantitatively 
well-correlated. In the discussion presented in Appendix 
A of the Appendix Volume, it is argued that the reliabil-
ity of meeting the demands placed on the Home and Omihi 
Creeks was likely to be somewhat higher than the reliabil-
ity of meeting demands placed on the Weka Creek, primarily 
because of the lower demands per unit of catchment area 
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for the Home and Omihi systems (4 and 5 consumers respective-
ly) compared with the Weka system (12 consumers). 
Daily simulation of the system requires 
more definitive estimates than presented in equations 4.3 -
4.4, and supported by the evidence of similarity in the run-
off responses of the three streams, this was further studied. 
(ii) Relationships Based on Daily Flow Values 
The concurrent daily flow recordings for 
the Home, Omihi and Weka Creeks are shown in Figure A-5 in 
the Appendix Volume. Examination of Figure 4.4, which is 
part of Figure A-5, reveals that the time of commencement of 
flood runoff is often different between the creeks by up to 
several days. This variable lag period in initial catch-
ment response makes direct correlations between the concurrent 
daily flow values of the three streams unlikely to be success-
ful or meaningful for prediction purposes. The variable lag 
in initial catchment response is influenced by the antecedent 
hydrological condition of each catchment, the different in-
herent nature of each catchment response, and the character-
istics of the flood-producing rainstorm, such as direction 
and speed of movement, duration and intensity. It is not 
possible to be specific about the effect of any of these 
Ul 
U 
Ql 
-Ul 
::I 
u 
Ql 
l:jI 
1-1 
I'd 
..c: 
u 
Ul 
..... 
0 
c:: 
I'd 
Ql 
::E: 
>t 
~ 
..... 
I'd 
0 
100 
I I I .1 .1 I I 
I I I I 
Key t-- Omihi Creek at Roxburgh I s Crossing t--
Home Creek at Homestead Weir _.-r--'-r'-' _.-r---
Weka Creek at Antills Bridge 
---- ----1----
----
50 
r---
• Commencement of Flood Runoff 
. 
20 f'., 
i " 
10 
I ...... , 
. '. 
...... ... 
. 
I 
i ' . . "" ....... 
• 
. 
.... f 
• I \ 
V'" 
" 
I L \ 
'~ ... / ............. ........ ~ r-. .... ! lL \ 
-5 
4 
3 
,. 
--~ I '" '.;-- >--/ ~ •• 
............ V 
-r'- \. , r---._ / ,/ 
~'- ~~. /" "t·_· .-- r--'--'--- --. :--- _. ~.- I 
2 
1 2 4 6 8 10 12 14 
Time (days) 
Figure 4.4: Hydrograph Comparisons showing variability in 
commencement of flood runoff. 
88 
.... -
I 
._-
16' 
89 
features because of the limitations in the data set. 
Various adjustments to the flow records 
were made to improve the development of correlation relation-
ships between the daily flow values. The most successful 
of these was to match the hydrograph peaks of the Weka and 
the other two streams in turn, and to use the concurrent 
daily flow values so produced in the correlation analysis. 
The essence of this procedure is shown in Figure 4.5. The 
treatment of the flow data in this way gave data sets of 
128 and 475 paired values between the Home and Omihi daily 
flows (respectively) and Weka daily flows. Conventional 
linear regression analyses were carried out on each data set, 
resulting in the identification of the following relation-
ships: 
HD 
OD 
where 
= 
= 
= 
= 
= 
= 
0.425 WD l + 198.49 
1.317 WD 2 + 188.73 
daily mean discharge 
daily mean discharge 
(R2 = 0.84) 
(R2 = 0.67) 
in Home Creek 
in Weka Creek 
(l/s) 
for con-
4.5 
4.6 
current period of record for Home Creek (l/s) 
daily mean discharge in Omihi Creek (l/s) 
daily mean discharge in Weka Creek for con-
current period of record for Omihi Creek (l/s) 
A plot of these relationships with data points are shown in 
Figures 4.6 and 4.7. The intercept values in the regression 
equations imply that flows persist in the Home and Omihi 
Creeks when the Weka Creek has ceased to flow, a prediction 
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not in keeping with the observations, and a result influenced 
in the derivation of the relationships by high flow values 
in the data sets. A correction was therefore applied to 
force part of each relationship through the origin for Weka 
flows less than or equal to 500 lis. 
ionships are therefore: 
The additional relat-
HD = 0.822 WD 
00 ~ 1. 694 WD 
for WD ~ 500 lis 
4.7 
4.8 
The final relationships used to estimate daily flows in the 
Harne and Omihi Creeks, from the daily flow estimates for 
the Weka Creek produced by the model, are shown as the full 
lines in Figures 4.6 and 4.7. 
The estimates of daily flow in the Home and 
Omihi Creeks made using the procedure just described are not 
as sound as the flow estimates generated for the Weka Creek 
by the simulation model. For the range of flows of most 
interest in calculating pumped diversion volumes (less than 
2000l/s),it is evident from the data points plotted on Fig-
ures 4.6 and 4.7 that the relationships should give estimates 
of flow that are generally conservative (low). The effect 
of using the relationships with Weka model flows, as distinct 
from Weka actual flows, will be to increase the conservative 
nature of the estimates, because of the comments made prev-
iously about the inherently conservative nature of the Weka 
model flow estimates themselves. It is realised that the 
methods used in this analysis give results that leave much to 
be desired, but it is also clear that the overall effect on 
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the total simulation model of these shortcomings will not 
be serious, for the following reasons. The flow character-
istics of importance are the times when floods and freshes 
commence, and the periods of time when flows lie within the 
flow range when pumping may be carried out. By forcing 
the lower part of the relationships through the origin, 
occurrences of floods and freshes in the Home and Omihi 
Creeks depend upon the response of the Weka Creek, a reason-
able strategem from the evidence shown in the plot of con-
current daily flows in Figure AS in the Appendix Volume. 
As well, the absolute flow estimates are more likely to be 
conservative than otherwise, and therefore subsequent cal-
culations of pumped diversion volumes will also tend to be 
conservative. 
The data limitations must necessarily give 
rise to uncertainty in the results of any method used; the 
method selected is as complex as the data justify and results 
in estimates that are conservative in their effect on the 
total model simulation. 
4.2.5 Summary 
The systems model, or specifically the water 
supply sub-system model, requires estimates of daily mean 
discharge as an input data file. This information will not 
normally be available on the project situation. An approach 
based upon collection of a limited amount of flow data and 
use of a streamflow simulation model for the Glenmark Scheme 
has been described as a workable solution to the problem. 
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It is assumed that this simulation work is carried out remote 
from the systems model, solely for the purpose of providing 
the necessary input data. The project-specific nature of 
any such analysis, however, may indicate special treatment 
within the systems model, such as the use of equations 4.5 
to 4.8 to estimate daily flows in the Home and Omihi Creeks 
from the computer-generated file of Weka daily mean dis-
charges. 
4.3 WATER DIVERSION MODELLING 
4.3.1 General Requirements 
As discussed in Section 4.1, the model must be 
able to simulate gravity and pumped diversions, and to allow 
the effects of changing both the minimum riparian flow be-
low which diversion is stopped, and the maximum rate of 
diversion from each water resource. In addition, the pumped 
diversions may involve pumping at several rates during the 
range of flows suitable for diversion. 
4.3.2 Incorporation in the Systems Model 
The parameters involved in modelling the divers-
ion of water from streams by gravity and pumping are shown in 
Figure 4.8(a) and (b) respectively. 
(a) Gravity Diversion 
The gravity diversion option portrayed in 
Figure 4.8 is described by a total of 4 parameters: RMIN, the 
minimum daily flow in the stream below which no diversion is 
RSPIT.. called 
"Top Loss" in 
. Chapter 8 
RSPLB called 
"Loss B" in 
Chapter 8 
(a) Gravity Diversion 
RMIN 
TIIYlE 
(b) Pumped Diversion 
ruUN * RMAX 
TIME 
RSPLA called 
"Loss A" in 
Chapter 8 
RSPLB 
/ 
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Figure 4.8: Characterisation of Diversion Systems in the Model 
allowed; RMAX, the maximum daily rate of diversion out of 
the stream; RDMD, the daily mean flow in the stream, and 
RSPIL, that portion of daily mean flow not taken from the 
stream, not counting the riparian flow RMIN. The volume 
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of water diverted from the stream during flood events is 
represented by the hatched area on Figure 4.8(a), and the 
volume not taken because of RMAX constraints is represented 
by the area above the hatched area. The point to note is 
that all daily mean flows between RMIN and (RMIN + RMAX) can 
be directed to off-stream storage using the gravity divers-
ion option. 
(b) Pumped Diversion 
The pumped diversion option portrayed in 
Figure 4.8(b) uses the same four parameters (RMIN, RMAX, 
RDMD and RSPIL) and their definitions as the gravity divers-
ion described above, but additional features require a further 
three parameters for their characterisation. 
Two flood pumping rates are portrayed in 
Figure 4.8(b), the maximum rate is RMAX and an intermediate 
rate is defined equal to (~ * RMAX). In operation the flood 
pumping does not commence until daily mean flows equal or ex-
ceed (RMIN + KI * RMAX), and then at a rate equal to (KI * 
RMAX). This rate is maintained until daily mean flows equal 
or exceed (RMIN + RMAX), whence the pumping rate is increased 
to the maximum value RMAX. The parameter Ki hence allows 
the effect of a 2-stage pumping rate on diverted volume to be 
determined. 
Not all daily mean flows between RMIN and 
(RMIN + RMAX) can be diverted to storage with the pumping 
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option using discrete pumping rate changes. The portions of 
daily mean flows within this range that are not pumped are 
described by RSPLA and RSPLB on Figure 4.8(b). The volume 
of water pumped from the stream during flood events is rep-
resented by the hatched area in Figure 4.8(b); the volume 
of water foregone for flows below RMAX is represented by the 
area between the hydrograph and the hatched area; and the 
volume not taken because of RMAX constraints is represented 
by the area·above the hatched area. 
4.3.3 Application to G1enmark Scheme 
(a) Divirsion and Pumping 
The characterisation of the pumping or 
diversion option just described is a general feature of the 
systems model. In a project application, the use of this 
algorithm may require specific treatment for most efficient 
use of the model. In the G1enmark application, the Weka 
diversion was constrained to gravity options, and present 
maximum flood pumping capacities for the Home and Omihi syst-
ems were specifically incorporated in the model, based on 
engineering considerations. 
(b) Losses in Reticulation Systems 
No general allowance has been made in the 
systems model for water loss in conveyance systems, because 
of the many different reticulation arrangements that may 
occur in project situations. This aspect is best considered 
for individual project circumstances. 
In the G1enmark application, reticulation 
losses are considered to be negligible and are ignored for 
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the following reasons. The Omihi and Horne systems serve 
9 of the 21 consumers using pumps and pipe systems to divert 
water from source to storage, and losses due to pipe leakage 
will be insignificant. The remaining 12 consumers are 
served from the Weka system by some 2 km of open channel 
followed by a gravity-flow piped reticulation system, and 
careful consideration was given as to whether some quantitat-
ive estimate of losses in the open channel system was approp-
riate. 
Water may be lost between source and stor-
age if open channels are used for conveyance. Various 
methods of making estimates of the conveyance loss in open 
channels can be used, ranging from arbitrary 'guestimates' 
to efficiencies based on measured soil properties and seep-
age calculations. Neither approach was considered approp-
riate in this particular study, because of the way in which 
the diversion scheme is operated. The capacity of the open 
channel system has been designed to be some 30% higher than 
the capacity of the piped system, so that flows greater than 
RMAX can be conveyed from the source to the start of the 
piped system, and any flows in excess of RMAX can be spilled 
back to the stream at the junction of the open channel and 
piped system to ensure that RMAX can enter the piped system. 
No allowance for losses in the open channel system are there-
fore necessary during periods when diversions at a rate 
greater than RMAX are possible. The flood events in the 
stream rise very rapidly and the opportunity time for losses 
during such periods when diversions are less than RMAX is 
very small. During the falling stages of the flood event 
when diverted flows are less than RMAX, all the initial 
losses in the channel have been satisfied during the prev-
ious period of high flows, and seepage losses should not 
be significant. The situation therefore is unlike con-
ventional open chan~el reticulation in which uniform flow 
persists for long periods and where steady state seepage 
analysis may give reasonable indications of losses. In 
this study, the operational arrangements compensate for 
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any losses during high flows and create a situation where 
losses should be at their lowest during the most persistent 
period of lower, than maximum flow (during the recession of 
the flood hydrograph) . It is therefore not realistic to 
adopt arbitrary figures for reticulation efficiency for the 
full supply period, and computationally too complex to war~ 
rant any attempt to account for the small losses during 
changing flow situations. The remaining option of neglect-
ing the effect of losses on the storage balance· has therefore 
been adopted. 
4.4 MODELLING OF STORAGE BEHAVIOUR 
4.4. 1 Storage Balance Equation . 
The continuity of mass equation for each storage 
in a water harvesting scheme can be written on a daily basis 
as: 
Inflow = Outflow + Change in storage 
RAINt + RDIVt = 
RIRRt + REVAP t + SPILLt + SEEPt + (LDAMt + LDAMt _l ) 4.9 
where RAINt = Volumetric contribution of rainfall to 
3 
storage (m ) 
RDIVt = Diverted streamflow volume (m
3 ) 
RIRRt = Volumetric withdrawal of water for 
. . t' (3) lorrloga loon m 
REVAPt = Volumetric loss to evaporation (m
3 ) 
SEEPt = Seepage loss from storage (m
3 ) 
SPILL
t = Volume of water spilled from storage 
after filling On3 ) 
LDAM = Volume of water in storage (m3 ) 
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Equation 4.9 is used to calculate the volumetric stor-
age level in each dam at the end of day t, knowing the 
volumetric storage level at the end of day t-l and the 
volumetric inflows and outflows for day t. The way in 
which these inflow and outflow volumes are calculated in 
the model are discussed in the next section. 
4.4.2 Terms in the Storage Balance Equation 
(a) RDIV 
RDIV is dependent only on the diversion 
arrangements and flow at the water source and is calculated 
each day of the simulation period, as described previously. 
(b) RIRR 
RIRR on each day is calculated by consider-
ing the water need of each crop on each paddock and accumulat-
ing the total farm irrigation application on that day. The 
procedure used for this calculation is described in Chapter 
Five. 
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(c) RAIN and REVAP 
The other terms in equation 4. 9 .~ RAIN, 
REVAP, SEEP, SPILL - are all dependent in part on the 
characteristics of each dam. The surface area of stored 
water on each day is required to estimate the volume of 
water associated with the depth changes caused by rainfall 
and evaporation (RAIN, EVAP). The rainfall data used for 
all storage balance calculations should come from a record-
ing station located near the centre of the irrigated scheme 
area. 
The storage loss to evaporation (REVAP) 
depends on estimates of open water evaporation and the sur-
face area of each storage. 
(d) SEEP and SPILL 
Detailed field studies and analyses were 
carried out in the investigation of seepage losses from dam 
sites in the project design study. The conclusions reached 
(see Appendix F in the Appendix Volume) were that seepage 
losses for the majority of the storages would be negligible, 
and where seepage problems could be anticipated, they would 
be solved structurally, with allowance for extra costs in-
curred. Seepages losses have therefore been disregarded in 
this simulation study, but this situation may not apply for 
other schemes. SEEP will be influenced by the geometric 
status of the storage - depth and wetted ground surface - as 
well as by the hydraulic properties of the particular soil 
types involved at each dam. Therefore, detailed seepage 
calculations in any simulation study will require the geomet-
ric status to be characterised each day. This implies that 
data on each storage must be available to the simulation 
program for such purposes. 
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SPILL is determined by the maximum storage 
specified for each dam, which is a characteristic fixed by 
the investigation within the limits imposed by each dam 
site. 
4.4.3 Storage Characterisation in the Model 
It has been shown in the previous section that 
the calculation of some terms in the storage balance equat-
ion 4.9 requires knowledge of certain characteristics of 
each storage. The importance of this aspect can be illus-
trated by reference to Figure 4.9, which shows the variation 
that exists in the depth-storage relationships for typical 
dams. This variation means that large volume differences 
will occur for the same depth change in different dams. 
Hence, it is necessary to individually characterise each dam 
within a scheme if an accurate simulation of the system is 
to be achieved. 
The characteristics of each dam are preserved 
in the model by storing particular volume-surface area data. 
The water surface area for a given volume can be calculated 
within the model for any dam and hence the volumetric reflect-
ions of rainfall and evaporation depths can be estimated. 
The method of storing this information for use 
in the model must be compatible with how storage character-
istics may be estimated in the field. Full topographic 
surveys of each dam site will not be available at the pre-
liminary design stage and therefore approximate and rapid 
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field techniques must be used to e~tablish storage character-
istics. Field experiencQ has shown that qualified person~ 
nel can estimate depth and surface area at a potential dam 
site with acceptable accuracy using standard Abney survey 
techniques. These field data allow the storage-surface 
area characteristics of each dam site to be calculated for 
use in the model. 
4.5 SUMMARY 
The water supply sub-system model described in this 
chapter simulates how water from surface streams is diverted 
into on-farm storage and how storages are operated in response 
to the water demand sub-system, which is described in the next 
chapter. 
The first problem addressed was the quantification of 
water resource information in a way suitable for inclusion in 
the simulation. As a guide to other workers and as a con-
tribution to this thesis, the methods employed for thi·s pur-
pose in the Glenmark Scheme were described in detail. 
Whilst many of the techniques described in this chapter 
have quite general applicability, the characterisation of 
certain aspects was considered to be a project-specific issue 
and best treated as such. These aspects are the simulation 
of daily flows in the supplying streams, the nature of the 
diversion and pumping systems, and the consideration of water 
losses in conveyance. 
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CHAPTER FIVE 
MODELLING OF THE WATER DEMAND SUB-SYSTEM 
5.1 NATURE OF THE SIMULATION PROBLEM 
The water demand SUb-system comprises all those factors 
which influence the withdrawal of water from each storage for 
irrigation purposes. To model this system, it is necessary 
to identify a set of irrigation rules that are functions of 
either soil moisture status or stage of growth of each crop, 
or both, and that have an explicit objective as to the desired 
effect on crop response. 
There are two reasons why the water demand system is 
simulated in this study. The first is that reliable estimates 
of storage withdrawals for irrigation are required for the 
purposes of simulating the status of each storage in the 
scheme. Both the amount and time of each storage withdrawal 
event must be reasonably predicted, because the storages op-
erate predominantly as within-season regulators of the supply 
of water from the water resource, and each supply event takes 
place over periods measured in days rattier than weeks. The 
contribution of each supply event to useful storage depends 
upon storage status, and unless the supply and withdrawal 
events are accurately predicted temporally, as well as volu-
metrically, the simulation of the hydrologic components of the 
system will be out of phase and consequently in error. 
The second reason for simulating the water demand system 
is that estimates of crop yield are required for all crops on 
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all farms as components of the economic analysis. This aspect 
is treated in detail in Chapter Six, but the point is made here 
that the estimates of water demand are dependent upon the 
specification of irrigation rules, which in turn influence the 
soil moisture regime that is the major determinant of crop 
yield prediction. That is, crop yield algorithms use paramet-
er values calculated in the algorithms which determine the 
water demand, and therefore must be considered in their formu-
lation. 
The design process must have a starting point from which 
to initiate changes that give improved economic efficiency. 
In a recent study of the effects of deliberately underwatering, 
Rydzewski and Nairizi (1979) looked first at a design described 
here as that producing 'plateau yields'. Plateau yields refer 
to crop yields achieved by maintaining soil moisture levels 
sufficiently high to minimise yield reductions due to moisture 
stress, as far as is practicable within the constraints of 
scheme and on-farm operation. A problem, therefore, is to 
identify the soil moisture regimes that will result in minimal 
yield reductions. Stewart and Hagan (1973), in discussing 
the issues involved in developing functions to predict the 
effect of crop water deficits, emphasised the distinction be-
tween the prediction of 'evapotranspiration from a given irrigat-
ion program, and the prediction of the crop yield associated 
with a given value of an evapotranspiration parameter. A 
conclusion that they reached in recognising this distinction, 
was that irrigation programming to maximise yield does not re-
quire that the yield be known, only that reductions in yield 
attributable to moisture shortage be minimised. Hence the 
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specification of the desirable soil moisture regime under ir-
rigated conditions (if the object is to maximise crop yield) 
can be looked at separately from the associated problem of 
using the predictions of the soil moisture level achieved, to 
calculate crop yield. 
In practice, it is necessary to pre-specify the irrigat-
ion rules that apply to the maintenance of soil moisture 
levels in the root zone over the growing season of each crop. 
Obviously this task implies a priori knowledge of the effects 
of not maintaining these levels on crop yield reduction, at 
least in qualitative terms. Information at this qualitative 
level is available for many crops (Salter and Goode, 1967) and 
is reviewed specifically for each crop in Chapter Six. 
Another factor that must also be considered in pre-specify-
ing the rules that will control irrigationappllcations, is the 
practicality of achieving the control over the soil moisture 
regime desired, within the constraints of scheme and farm op-
erations. For example, recent studies of the response of var-
ious crops to high levels of soil moisture maintained contin-
uously by trickle irrigation, indicate that yields of specific 
organs can be increased considerably over that achievable using 
irrigation application methods that res~lt in soil moisture 
fluctuating between pre-specified levels (Jobling, 1974). The 
irrigation rules that directly control the water demand of the 
irrigation area must be therefore compatible with the particular 
features of scheme and farm operation that are assumed in the 
design situation. The differences in approach necessary in 
using a rostered supply system compared to on-demand supply 
are self-evident. 
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Joint consideration of these two aspects (the 'best' 
soil moisture regime and the 'achievable' soil moisture regime 
under scheme operation) hence results in a sub-optimum control 
of the soil moisture regime, if the objective is to minimise 
yield reductions. It is, however, a realistic way to arrive 
at irrigation rules for use in a simulation problem of this 
type. 
As stated in Chapter One, one objective of this work 
is to produce a methodology of design for the investigation 
of water harvesting schemes. It needs to be capable of ap-
plication, with modification for local conditions, to any area 
in New Zealand. Whilst it would be academically satisfying 
to restrict the study to an area where much was known about 
the physical environment (for example, Government research 
stations), and to concentrate on a limited number of crops 
for which water production functions were available in New 
Zealand (for example, wheat, maize, pasture, and lucerne) for 
that environment, the real difficulties in addressing the 
problem would not be confronted. 
An essential feature of arable farming systems in New 
Zealand is the use of crop rotations, which involve the growing 
of different crops on a land area u~it in a planned sequence 
(Ministry of Agriculture & Fisheries, 1978a). In the project 
situation, crop rotations on adjoining farms may be quite dif-
ferent, for very good agricultural, management and personal 
reasons, and therefore a necessarily complex simulation of 
many crops in different sequences is required if realism is 
to be approached. 
Response to water deficit will be better understood for. 
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some crops than for others. For example, a relatively com-
plex model of pasture growth in Canterbury has recently be-
come available (Fick, 1978), although little used in practice 
as yet. As will be shown in Chapter Six, the water relat-
ions of many of the other crops involved have not been 
quantified with the same precision, if at all. It is there-
fore possible to model parts of the system at different levels, 
and a problem of balance is created in selecting the approp-
riate level to choose. 
In this study, the scheme selected for simulating soil 
moisture variation, predicting water demand, and for incorpor-
ating individual crop information into the model, is a comprom-
ise that has been necessary to accommodate this varying level 
of knowledge about crop responses to soil moisture conditions, 
and the desire to bestow sufficient generality on the methodol-
ogy so as to allow increasing precision as more research data 
become available. 
To summarise, the major purpose in simulating water de-
mand is to realistically mimic the volumetric withdrawal of 
water from storage in a temporal fashion. The initial stage 
is to satisfy the demand that will ensure that yield reductions 
due to moisture shortage are minimised, ~ithin the constraints 
of scheme and farm operation of the irrigation scheme. And 
finally, that the methodology for doing this must recognise 
the varying levels of understanding about the response of the 
crops involved to soil moisture deficits, without losing a 
generality of approach that will allow improvements when better 
water production functions become available. 
The material which follows is in three major sections. 
The first describes the basic approach to soil moisture rnodel-
ling and this is followed by details of how the water demand 
calculations are made by a joint consideration of irrigation 
rules, predicted soil moisture regime and the physiology of 
the crops being grown in the crop rotations simulated. The 
chapter concludes with a summary of the material presented. 
5.2 SOIL MOISTURE MODELLING 
5.2.1 The Conceptual Model 
The processes involved in the transpiration of 
water from a moist soil are biologically and physically com-
plex (Flinn, 1971}. The physiological processes have been 
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the subject of detailed modelling research by biologists (e.g. 
Puckridge, 1973) and the flow of water through the soil-plant-
atmosphere system has been modelled by soil scientists and 
mathematicians (e.g. Rose et aZ. 1976). There are many un-
resolved problems in seeking a rigorous solution to the com-
plete mathematical description of the processes involved and 
the alternative approach of using a simple conceptual model of 
the system has been most favoured. by many workers, particularly 
economists and engineers, involved in system simulation studies 
(Cordova and Bras, 1979). 
The conceptual models used in simulation studies 
almost always purport to capture the essential features of the 
physical and biological mechanisms of importance to the particu-
lar study with which they are associated. Often, however, the 
formulation of the model is influenced by the viewpoint and 
professional experience of the modeller. Biologists tend to 
give greater emphasis to the plant mechanisms that influence 
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depletion of soil moisture by transpiration, and soil 
physicists are more likely to concentrate on the processes 
involved in water flow through saturated and unsaturated 
soil profiles. Regardless of the particular type of com-
plexity evident, it is usually conceived of as a complexity 
in a I-dimensional framework, the inherent assumption made 
in any "lumped" model of the water balance problem. In a 
markedly heterogeneous environment, the neglect of the spat-
ial variation of soil and plant characteristics may be 
relatively more important than any limitations of the model 
used in the I-dimensional sense, an aspect recognised by 
Smart (1978) in studying a systems approach to irrigation 
development on the Canterbury Plains. As was pointed out 
in Section 5.1, a requirement of the model here discussed is 
to accommodate different crop rotations on each farm, which 
also requires that paddock-specific soil moisture simulation 
be carried out. The opportunity therefore exists to treat 
the spatial variation of the soil and plant characteristics 
in a direct fashion, albeit with a good deal of computational 
effort. 
The model discussed in the following paragraphs 
is similar in its I-dimensional complex~ty. to that used by 
Ritchie (1976) and Sorrenson (1977a) in previous simulation 
studies in New Zealand. An essential and different feature 
of the modelling exercise is that it is intended to use pad-
dock-specific soil and plant information for a complete pro-
ject area, thereby accommodating the influence of spatial 
heterogeneity important in many New Zealand environments. 
The essential elements upon which the following discussion is 
based are shown in Figure 5.1, which portrays a conceptual 
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model of the flow of water into and out of a soil moisture 
reservoir. Conservation of mass allows the following equat-
ions to be written, for time periods expressed daily: 
Inflow = Outflow + Change in Storage 
I + P = t t 
Rearranging: 
= 
Where SM
t 
is the level of soil moisture (rom) for day t, 
5.1 
SMt _ l is the level of soil moisture (rom) for day t-l, 
and 
Pt is the rainfall rate (rom/day) for day t, 
It is the irrigation rate (rom/day) for day t, 
AETt is the actual evapotranspiration rate (rom/day) 
for day t, 
DRt is the rate of movement of water away from the 
the root zone to deep drainage (rom/day) caused 
by SM levels exceeding Awe for day t, 
EXt is the rate of movement of water from the soil 
Awe 
storage to surface runoff (rom/day) caused by 
SM levels exceeding Awe for day t, 
is the maximum available soil water capacity 
(rom) in the root zone of the plant (see 
Sections 5.2.2 and 5.2.3). 
Equation 5.1 can be used to calculate the daily 
soil moisture levels in the conceptual model through the simu-
lation period, for any paddock to which it is applied. 
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5.2.2 Constraints on Soil Moisture Levels 
The storage of water in the soil profile that is 
available to plants (the maximum available soil water capacity, 
AWC) is controlled by the properties of the soil itself, and 
by the depth of soil profile explored by the plant rooting 
system. Soil properties constrain the maximum and minimum 
levels of soil water content that are available to plants 
from within the soil storage. The maximum level is simplist-
ically characterised by the term field capacity (FC), defined 
as the water content of the soil profile after all gravitat-
ional water has drained from the soil, which was previously 
in a saturated condition. The minimum level is identified 
as the water content reached after a periOd of water with-
drawal by plants at which the plants will suffer complete loss 
of turgor, and is termed the permanent wilting point (PWP). 
The amount of water that is available between FC and PWP is 
called available water (AW). It is usual to express AW in 
units of depth of water available per unit depth of soil, so 
that the effects of root exploration into various depths can 
be easily accommodated. 
Crop characteristics also directly influence the 
total amount of water available for' transpiration. Root 
development from sowing to maturation stages generally takes 
place into deeper soil horizons, and the distribution of the 
root system with depth may also change during these stages. 
At any time during the life cycle of the crop, the maximum 
available soil water capacity (AWC) can be expressed as 
= 5.2 
where AW~ is maximum available soil water capacity (mm) 
at time t 
AW is available soil water (mm/m) 
RD t is the net root depth (m) at time t. 
5.2.3 Depletion Rates Affecting Soil Moisture Levels 
Water is removed from the soil moisture store 
in the model by the rates DR, EX and AET. 
(a) Drainage and Spill from the Soil 
Moisture Reservoir 
The question of drainage out of the root zone 
(DR) is very much more complicated than the conceptual model 
ROrtrays. Gardner et al. (1975) considers that the movement 
of water from the root zone after field capacity has been 
reached is one of the more serious errors in computing the 
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soil water balance. Hillel (1977) used a vertical, transient 
~tate, flow model to demonstrate that the flow of water out of 
the root zone, and upward capillary flow can be important 
components. Cordova and Bras (1979) used an expression 
developed by Eagleson (1978) that relates percolation rate 
to soil absolute moisture content, in order to model the 
phenomena of drainage from the root zone. Insofar as this 
study is concerned, deep percolation is not considered to be 
an important mechanism for soil moisture depletion, particu-
larly for the spring and summer periods when the soil moisture 
levels have most effect on predicted water demands and crop 
yield estimates. Data were presented in Chapter Two that show 
that the potential evapotranspiration during the months Sept-
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ember - March exceeds the rainfall (on average) by a factor 
of 1.5. The study area is characterised by a deep water table 
(average summer depth 30 m) indicating very little contribution 
from percolated water. The streams in the area (Chapter Four) 
are largely ephemeral, a direct result of the predominance of 
surface runoff as the mechanism of removal of water when Sl-1 > 
AWC (temporarily). For the purposes of this study, therefore, 
DR has been lumped with EX, the term used to describe the re-
moval of water when soil moisture levels in the profile exceed 
maximum availability soil water capacity. 
(b) Losses Due to Evapotranspiration 
The other depletion rate, AET, is the actual evapo-
transpiration of the crop, and describes the joint effects of 
evaporation from the soil and transpiration by the crop. The 
model considers AET to be a function of the atmospheric demand 
for water (PET), the stage of crop development and the soil 
moisture content in the crop root zone (Flinn, 1971): 
i . e . AET = g( PET, 8M, F) 
where F is a factor incorporating the joint effects of root 
development, maturity and cover, and is itself 
treated as time-dependent. 
This formulation of the problem is similar to 
that used by many workers in soil moisture modelling (Flinn, 
1971; Ritchie, 1976; 8orrenson, 1977ai Fick, 1978). The 
relationships specific to this study are considered in detail 
in the following paragraphs. 
(i) Potential Evapotranspiration: Atmos-
5.-3 
pheric demand is characterised by the potential evapotranspirat-
ion rate (PET), which occurs when crop transpiration is 
limited only by the prevailing meteorological conditions. 
The difficulties of measuring PET, or estimating PET from 
weather and crop parameters, have been described by Linacre 
(1977) . There are two basic approaches commonly used to 
estimate PET for a project situation: 
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- Estimate PET from measurements of open pan evaporation, 
or - Use a relationship between PET and measured values of 
climatic parameters, derived elsewhere, and possessing 
some degree of empiricism. 
Open pan evaporation data were not available 
in the vicinity of the project area, nor would they be common-
ly available except at climate-recording stations operated on 
behalf of the N.Z. Meteorological Service. The relationships 
commonly used in New Zealand for estimating PET from climate 
data are Penman's Method (Penman, 1948) and Thornthwaite's 
Method (Thornthwaite, 1948; Mather, 1954). Climate data 
availability precluded further consideration of the Penman 
Method, and PET was therefore calculated by the Thornthwaite 
Method. This approach is used for PET estimates at the 
Winchmore Irrigation Research Station (Rickard, 1973) and was 
used by Ritchie (1976) as part of his simulation study of 
wheat and lucerne growth. 
Two formulations of the Thornthwaite 
approach may be used. Potential evapotranspiration estimates 
can be made on a daily basis by using the daily formulation of 
the Thornthwaite equation, 
PET = 0.05482 + 0.14413 (T) + 0.00140 (T)2 - 0.000l(T)3 5.4 
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where PET = uncorrected daily potential evapotranspiration 
rate (rom/day) 
T = daily mean temperature (oC), 
or by estimating the monthly potential evapotranspiration 
and calculating an average daily potential evapotranspiration 
rate, 
PET = PETM/ND = 16 ND 
10 i: (TM~ A 
where PET = average uncorrected daily potential evapotrans-
piration rate (rom/day) 
PETM = uncorrected monthly potential evapotranspiration 
rate (rom/mth) 
ND = number of days in the month 
TM = monthly mean temperature (oC) 
I = heat index = 1£ TM 1. 514 
1 (5) 
5.5 
A = (0.675 (I)3 _ 77.1 (I) 2 + 17920 (I) + 492390) 10- 6 . 
In both cases the uncorrected estimate of potential evapotrans-
piration is adjusted for actual day length as a function of 
latitude. 
Ritchie (1976) used the version expressed 
by equation 5.4, and obtained good agreement between predicted 
and measured soil moisture at Winchmore. Equally good re-
suIts were obtained by Rickard (1957) who used the monthly 
formulation (equation 5.5). 
Pelton et aL (1960) were critical of both 
formulations of the Thornthwaite method for the purposes of 
estimating potential evapotranspiration, if radiation-based 
methods could be used. They pointed out, however, that as 
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radiation influences both monthly mean temperature and monthly 
potential evapotranspiration, then monthly mean temperature 
and monthly potential evapotranspiration will be highly corre-
lated. That is, monthly estimates of potential evapotrans-
piration based on mean temperature measurements will also be 
correlated with actual monthly potential evapotranspiration, 
which gives rise to reasonable monthly estimates based on 
Thornthwaite. However, they suggest that mean daily temperat-
ure measurements should not be used for short period estimates 
of potential evapotranspiration, as the high mutual correlat-
ion of both potential evapotranspiration and mean temperature 
that can be used advantageously for monthly estimates, does 
not exist over short periods. For these reasons, the monthly 
formulation of the Thornthwaite calculation was preferred in 
this study, ,both for the soil moisture model and the catchment 
simulation model described in Chapter Four. 
(c) Effect of Soil Moisture Depletion on 
Actual Evapotranspiration 
Soil moisture in the root zone will restrict 
the rate at which plants transpire, especially if the potent-
ial evapotranspiration rates are high and soil is dry (Den-
mead and Shaw, 1962). Various hypotheses as to the effect of 
soil moisture on actual evapotranspiration rate have been put 
forward in the literature (Veihmeyer and Hendrickson, 1955; 
Thornthwaite and Mather, 1955; Denmead and Shaw, 1962), the 
essential features of which are shown in Figure 5.2. 
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Figure 5.2: Effect of soil moisture on actual'· 
evapotranspiration. 
It is generally accepted ( Moore, 1961 ) that any controversy 
that existed was resolved by Denmead and Shaw, and many stud-
ies have adopted approximations of the relationships of these 
workers into simulation studies (Ritchie, 1976; Sorrenson, 
1977a; Fick, 1978). A difficulty not often discussed in 
using the experimentally derived curves of Denmead and Shaw, 
is that the AET/PET ratio is a specific function of available 
soil moisture only for a particular soil type. The physical 
phenomena that actually controls this ratio is soil moisture 
tension, not available soil moisture, and the soil moisture 
tension can be very different at the same available soil moist-
ure, as evidenced by the pF curves for typical soils shown in 
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Figure 5.3. 
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Figure 5.3: Moisture Retention Characteristics of Soils 
Because of data limitations and the simplist-
ic representation of the processes involved in the model, the 
relationship included to simulate the c?oking effect of soil 
moisture condition on evapotranspiration can only be approxi-
mate. Its effect on the output of the soil moisture model 
must be judged in relation to the other functions adopted that 
also influence this output (PET and F) . A realistic approach 
to the problem was used by Minhas et al. (1974) who described 
an algebraic equation that was capable of approximating the 
range of relationships found by Denmead and Shaw (1962). A 
family of curves if defined by the function: 
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1 e · (- A· * SM/AWe ) AET/PET = ___ -__ x~p~~ __ _.~~~~----------~-----
1 - 2 * exp (_SM/AW~)+ exp (-A * SM/AWC ) 
5.6 
where A is a constant whose value defines the shape of the 
curve. 
Relationships produced by equation 5.6 are 
shown in Figure 5.4, and it can be seen that all of the ex-
perimental curves of Denmead and Shaw (1962) can be approxi-
mated by correct selection of the value of A. 
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Figure 5.4: Characterisation of the Effect of Soil Moisture 
on Actual Evapotranspiration in the Model. 
Certain mathematical properties of this 
function are of later interest. The limit of the function as 
A + zero can be shown to be 
8M/Awe 
and the value of 
;-_ SM/Awe 
A for which AET/PET = SM/Awe (always) is approximately equal 
to 1.386, which corresponds to the relationship proposed by 
Thornthwaite and Mather (1955). 
Minhas et al. (1974) selected a value of A 
in their simulation study that resulted in the closest cor-
respondence of predicted and actual soil moisture over a 
three year period. Recognising that the inclusion of such a 
function in a modelling study is justified largely by its 
ability to enhance prediction, this seems to be a reasonable 
approach to take, but which however was not possible in this 
work because of the absence of soil moisture records. The 
criterion used to select a value of 'A' for use in the model 
was that the resultant crop yields produced by the total 
growth algorithm (the soil moisture algorithm in combination 
with the crop yield algorithms) conform to pre-set expectat-
ions of reasonableness for use in the design study. These 
criteria are fully detailed in Chapter Six, and are not 
treated further here. The value of 'A' selected was 30.0, 
but it will be obvious that any value in excess of 10.0 (say) 
would give similar results. 
(d) Influence of Cpop Physiology on 
Actual Evapotpanspipation 
The remaining parameter in equation 5.3 that 
required definition was a crop factor 'P' - which incorpor-
ates the combined effect of progressive root development, 
cover and the onset of maturity in the crops being grown. 
Some guidance to the likely variation in 'P' is available in 
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the literature, but once again it must be realised that the 
simplistic features of the conceptual model preclude strict 
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physiological interpretation of any values used; the justifi-
cation comes from the adjudged reasonableness of the sub-
sequent crop yield predictions. 
Jensen (1973) cautions that the crop factor 
selected depends on the method used to compute potential 
evapotranspiration, indicating specifically that the factors 
to be used for actual evapotranspiration calculations using 
the Blaney-Criddle method differ from those appropriate to 
the USDA method. Jensen et at. (1970) also proposed an al-
ternative approach which takes account of the influence of 
soil wetting (by irrigation or rainfall), as well as physio-
logical stage of the crop, on the selection of values of the 
crop factor to be used. They reason that the evaporation 
.. '" 
component of evapotranspiration will be increased after ir-
rigation, as illustrated by Figure 5.5. Sorrenson (1977a), 
however, based his selection of crop factor for pasture and 
maize on commonly used figures in the literature (Jensen, 
1973), which identify monthly crop factors for each crop (see 
Table 5.1). Ritchie (1976), on the other hand, derived 
values of F for wheat and lucerne Which gave best agreement 
between measured and predicted soil moisture values using his 
model. For wheat, he used a value of 0.65 for early stages 
of development when the plant was less than 100 mm in height, 
0.85 until the plant reaches 200 mm, and 1.00 for the remain-
der of the growing cycle. For lucerne, he used 0.65 for the 
early stages when the crop has less than 400 kg/ha of dry 
matter present, 0.85 until the crop reaches 800 kg!ha and 
1.00 for the remainder of the growing cycle. Minhas et ale 
1.0 r-------------~~F_~~----~ 
Crop Factor F 
Matur tion 
Irrigations 
o Growing Season % 100 
Figure 5.5: Changes in Crop Factor as Influenced by Stage 
of Growth and Wet Soil Caused by Irrigation 
or Rainfall (after Jensen et aZ., 1970) • 
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Table 5.1: Crop Factors for Pasture and Maize at Palrnerston 
,.iNorth (after Sorrenson, 1977 a) . 
Month Crop Factors (F) Pasture Maize 
JunE. 0.6 0.6 
r 
July 0.6 
August 0.7 
September 0.7 
October 0.7 
November 0.8 0.2 
December 0.8 0.3 
January 0.8 0.5 
February 0.7 0.9 
March 0.7 0.8 
April 0.7 0.8 
May 0.6 0.7 
-
(1974) selected three parameters to describe the variation 
in F during the growing season of wheat, and calculated the 
values of the parameters that gave the best results in pre-
dicting measured soil moisture values. 
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The conclusion reached about the method-
ologies used in determining F, where the results of lysimetry 
studies to allow direct estimation are not available, is that 
the selection process may be somewhat arbitrary and mathe-
matically useful in fitting the data. With this in mind, and 
remembering that actual soil moisture data will not be gen-
erally available for the project situation, there is little 
option but to rely upon published material to guide the 
selection of F for this study. 
For the purpose of selecting values of F for 
use in the soil moisture model, two categories were recognised 
in the range of crops investigated. The} first category in-
cludes crops grown predominantly for their dry matter product-
ion - pasture and greenfeed. The second category consists of 
the remaining crops - cereals, small seeds and seed peas - for 
which interest in the harvest of the reproductive organs pre-
dominanes. 
The values of F used for the pasture compon-
ent of the rotation models were taken directly from Sorrenson 
(19778:), except that F was increased to 0.9 in December and 
January. These values are very similar to those found in 
many standard texts (e.g. Wiesner, 1970). A similar approach 
was taken to select F for the autumn and early winter months of 
the greenfeed crop, making allowance for the greater physio-
logical activity of the greenfeed crops in April and May com-
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pared with grass. Examples of the crop factors used are 
shown in Table 5.2 for rotation modules incorporating pasture 
and greenfeed crops. 
A study by Meynick (1978c) suggested a com-
putationally attractive method of dealing with the selection 
of F for crops in the second category, except for the small 
seed crops during closure. In this work, Meynick used the 
data of Namken (1967), Jensen (1968) and Mustonen and Mc-
Guinness (1968) to develop an algebraic expression relating 
F to the fraction of the growing season since planting, viz, 
1 36 0.8 
F = a + (I-a) (SinlT x· ) 5.7 
where F is the crop factor at time t during the growing season 
x is the fraction of the growing season as at time t 
a is an optimisable constant. 
Meynick (1978c) found that the form of equati0n 5.7, with a 
value of a = 0.4, gave a good approximation of F values for 
barley, cotton, corn, sorghum and wheat, but not for oats. 
This equation was used to calculate F values at the mid-point 
of each month for wheat, barley and seed peas, based on the 
specific establishment dates of each crop and estimated grow-
ing season adopted in the rotation modules (see Section 5.3.4). 
A sample of the F values calculated is shown in Table 5.2 for 
these crops as they occur in their rotation modules. 
The use of pasture for the production of 
the small seeds of its components (ryegrass and white clover) 
involves closing the paddock to stock access during the spring 
and early summer periods. During the flowering and maturat-
ion stages in these species, transpiration will be less than 
Table 5.2: Examples of Crop Factors (F) used in Selected 
Rotation Modules 
Rotation Month of Year 
Model 
(NOM) J J A S 0 N D J F M A M 
1 .40 .67 .85 .97 .99 .89 .63 .40 .70 .70 .90 .90 
Cult Winter Wheat ~ Cult Greenfeed -+ 
3 .40 .67 .85 .97 .99 .89 .63 .40 .40 .40 .40 .40 
Cult Winter Wheat Fallow 
5 .40 .40 .52 .79 .97 ~97 .70 .80 .70 .70 .70 .60 
Cult Spring Wheat U/S Grass 
... 
10 .40 .40 .40 .55 .86 1.00 .75 .40 .70 .70 .90 .90 
Cult 
- Barley 1--- Cul <:reenfeed--"" 
17 .40 .40 .52 • 79 .97 .97 .70 .80 • 70 . 70 .70 .60 
Cult Peas U/S Grass 
, 
25 .60 .60 .70 .70 .70 .80 .80 .80 .70 .70 .70 .60 
Grass White Clover Grass 
30 .60 .60 .70 .70 .70 .80 .80 .40 .70 .70 .90 .90 
Grass Ryegrass Cult Greenfeed --... 
32 .60 .60 .70 .70 .70 .80 .90 .90 .80 .70 .70 .60 
Grass 
--
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if continued vegetative growth were encouraged by grazing. 
To reflect this reduction in transpiration, the F values for 
pasture have been reduced from the closing to the harvest 
period. This aspect is illustrated for rotation modules 
NUM = 25,30 in Table 5.2. 
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The remaining period in the simulation for 
which depletion rates associated with evaporation need to be 
estimated, is during fallow or cultivation phases. Evaporat-
ion from bare soil surfaces has been studied by Ritchie (1972), 
who used data from lysimeters to identify two stages in the 
evaporation of water from soil surfaces; a first stage when 
the soil is wet and the evaporation is controlled by the 
potential atmospheric demand, and a second stage when soil 
hydraulic properties limited the evaporation rate. The data 
requirements of the Ritchie approach are substantial, and the 
method has little relevance to the project situation. 
In Australia, Berndt and White (1976) pro-
posed a ·f~llow evaporation function that was dependent on 
potential evaporative demand and the degree of surface wetness. 
The form of the function adopted is shown in Figure 5.6, and 
the criterion given for its selection was that it performed 
"best" in the investigation, based on the familiar yardstick 
of how close predicted and measured soil moisture values were 
matched by the model. 
The approach used in this study was some-
what different. It is reasonable to expect evaporation from 
bare soil surfaces to be a maximum fraction of potential 
evaporative demand, even for high soil moisture values. The 
maximum value of this fraction used by Berndt and White (1976) 
was 0.4, which was adopted in this study by assuming an F 
value of 0.4 during fallow cultivation phases. Whereas 
Berndt and White used an index of surface wetness to scale 
down from this maximum value during rainless periods, it is 
physically as reasonable to scale based on a measure of soil 
moisture. This was accomplished in the model by selecting 
a value of A + zero in equation 5.6, resulting in the 
function shown in Figure 5.4. 
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Figure 5.6: Method Used by Berndt and White (1976) for 
\ 
Estimating Weekly Evaporation from a Bare 
Soil Surface. 
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In essence then, the fallow and cultivated evaporation losses 
were calculated by thes'aroe algoritl1m as for evapotranspiration 
losses from growing crops, except that F was held constant at 
0.4, with a value of A + zero, in contrast to the A value of 
30.0, used during the cropping sequences. Whilst this ap-
proach cannot be validated from soil moisture measurements, it 
possesses a sound, if simplistic, physical basis, and is not 
markedly dissimilar in functional form to others found in the 
literature. 
5.2.4 Inflow Rates Affecting Soil Moisture Levels 
The remaining terms yet to be considered in the 
mass flow equation (5.1) are the daily rainfall (P) and daily 
irrigation application (I). 
In regard to P, the experience of this study was 
that the rainfall data used in the water demand sub-model 
should come from a station within the irrigation area. This 
aspect is treated in detail in Chapter Six. 
The amount and timing of the irrigation applicat-
ions in the model (I) were based on a set of irrigation rules 
that were crop specific and dependent also on soil moisture 
status of each paddock in the study area, as estimated by the 
model. The formulation of these irrigation rules for each 
crop and the method used to incorporate them into the simulat-
ion study are described in the next section. 
,. 
5.3 IRRIGATION RULES AND THE ESTIMATION OF WATER DEMAND 
5.3.1 Introduction 
As pointed out in the introductory section of 
this chapter, the specification of the soil moisture regime 
that is not limiting to crop yield can be viewed separately 
from the prediction of crop yield under non-limiting or 
restricted soil moisture regimes. This still leaves the 
problem, however, of defining non-limiting soil moisture 
regimes for a range of crops in the project situation. The 
approach taken to identifying non-limiting soil moisture 
regimes leads directly to the specification of irrigation 
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rules for each crop, and the application of these rules determ-
ines the water demand pattern for individual crops for the 
plateau yield situation, defined in Section 5.1. These issues 
are developed in the next sections of this chapter, along with 
the method used to accommodate the added complexity of multi-
crop rotations in the simulation problem. 
5.3.2 Soil Moisture Regimes for Plateau Yields 
The physiological response of the crops included 
in this study to moisture stress, is reviewed specifically in 
Chapter Six. Broadly speaking, there are times during the 
growth of a crop plant when soil moisture levels may be allowed 
to drop appreciably below FC (e.g. vegetative stage in peas), 
and other times, often of short duration, when soil moisture 
levels need to be close to FC if yield reduction is to be pre-
vented (e.g. flowering stage of peas) . 
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A general approach to specifying irrigation rules 
was implemented to obtain plateau yields for wheat, barley and 
peas. Firstly, up to three critical stages were identified 
during the growing season of each crop, when the irrigation 
rule used was to correct the current soil moisture level to 
field capacity. Between these critical periods, the soil 
moisture level was brought back from 25 per cent of Awe (if 
it fell to that) by an application depth equivalent to 50 per 
cent of Awe. That is, complete restoration to field capacity 
was not attempted ·with such irrigation applications, so as to 
enhance the benefit of supplemental rainfall it if occurred 
after the irrigation was made. In the case of pasture, .green-
feed and the period of closing for small seed production,· the 
last-mentioned irrigation rule was implemented, correcting 
soil moisture levels from 25 per cent Awe to 75 per cent Awe. 
These rules are quite practical and form the basis 
of the current operation of irrigation schemes using on-demand 
sprinkler systems in New Zealand. The assumption is, of 
course, that the capacity of the irrigation system is adequate 
to meet these demands, but this is a separate issue that is 
dealt with in the on-farm design of irrigation equipment for 
particular farms, and is not the concern of this thesis. 
5.3.3 Time of Occurrence of Growth Stages 
To apply the understanding of physiological 
response to moisture stress in quantitative terms strictly re-' 
quires the simulation of the growth and development of each 
crop plant during the simulation period. The usual procedure 
adopted for this problem is to relate the occurrence of par-
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ticular stages of growth for specific establishment dates to 
. . 
measures of climate. Climatic variables often used include 
temperature, day length, solar radiation and evaporation 
(Fitzpatrick and Nix, 1969). Ritchie (1976) used a degree-
day calculation based solely on temperature to predict the 
date of occurrence of flowering of wheat at Winchmore, point-
ing out that temperature was the most readily available of 
the appropriate climate parameters throughout New Zealand. 
Using average daily temperature with a base of SoC, Ritchie 
produced a table relating the commen,cement stage of growth to 
degree-days from sowing (Table 5.3)~ 
Table 5.3: Wheat Stages of Growth in Relation to the 
Degree-Day System at Winchmore (after Ritchie, 
1976) . 
Commencement of Stage of Grow.th Degree Days from Sowing 
Stem Extension 289 
Booting 532 
Ear .Emergence 565 
Flowering 663 
Ripening 903 
(Base SoC, using average temperature) 
It is only possible to develop predictive relat-
ionships, like that found for wheat by Ritchie, for a limited 
number of crops at a few locations in New Zealand, because the 
data required on growth and development are limited to re-
search establishments., The approach has no general applicabil-
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ity to the project situation at this stage. 
The identification of the time of occurrence of 
critical growth stages has been approximated in this study 
by a procedure based on a static portrayal of these times for 
particular establishment dates. The information used was 
prepared by farm advisory personnel specialised in irrigation 
management, and incorporates the general physiological in-
formation available from the literature and reviewed in Chap-
ter Six, as well as extensive local experience with crop 
irrigation in the Canterbury and Otago regions of New Zealand. 
Table 5.4 is reproduced from a publication (Ministry of Agri-
culture and Fisheries, 1978b) which is the basis of the method 
used to acc;:ommodate the prediction of the growth and develop-
ment of crop plants in this study, as detailed in the next 
section. 
5.3.4 Rotation Modules and Multi-Crop Rotations 
A crop rotation may be defined as the growing of 
different crops on a land area unit in a planned sequence 
(Ministry of Agriculture and Fisheries, 1978a). Some of the 
advantages claimed for planned crop rotations include yield 
, 
and profit maximisation; greater utilisation of available 
land; control of soil fertility and structure; easier weed, 
pest and disease control; spreading of financial risk; and 
with irrigation, planned reduction in the peak demand for ir-
rigation water. 
The post-irrigation management systems planned 
for the farms in the Glenmark Scheme include careful selection 
of crop rotations to suit both farm - and farmer - requirements 
Table 5.4: Calendar Date Characterisation of Phenology used in the Model 
Crop Sowing Crlcical period 1 Crirical period 2 Cricical period 3 Cricical period 4 
or 
Closing Stage Approxi Name Approxi Name Approxi Name Approxi 
dace mate mate mate mate 
date data date date 
Winter wheat May 15 ear Nov. 15 grain fill Dec. 3 
lor oats) June 15 emergence Nov. 15 Dec. 3 
le.g., Kopara) July 15 Nov. 15 Dec. 3 
Spring wheat Aug. 1 ear Nov. 15 grain fill Dec. 3 
lor oats) Sept. 1 tillering Oct. 7 emergence Dec. 1 Dec. 15 
le.g., Karamu) OCt. 1 tillerlng Nov. 1 Dec. 10 Dec. 24 
Barlev Sept. 1 tillering Oct. 7 ear Dec. 1 grain fill Dec. 15 
le.g., Zephyr) Oct. 1 Nov. 1 emergence Dec. 10 Dec. 24 
Nov. 1 pre-drilling Oct. 27 Nov. 27 Dec. 28 Jan. 9 
Dec. 1 pre-drilling Nov. 27 Dec. 24 Jan. 20 Feb. 1 
Field peas May 1 just Nov. 15 pod fill Nov. 29 
(e .g., Partridge) June 1 flowering Nov. 20 Dec. 4 
July 1 10% Nov. 20 Dec. 4 
Aug. 1 Nov. 30 Dec. 14 
Sept. 1 Dec. 3 Dec. 17 
OCt. 1 vegetative Nov. 10 Dec. 8 Dec. 22 
Garden peas Aug. 1 first nov. 25 pod fill Dec. 14 
le.g., Green Sept. 1 vegetative Nov. 10 flowering Nov. 28 Dec. 17 
feast! Oct. 1 Nov. 10 Dec. 3 Dec. 22 
Nov. 1 pre-drilling Oct. 27 Dec. 1 Dec. 22 Jan. 5 
Dec. 1 pre·drilling Nov. 27 Jan. 1 Jan. 21 Feb. 4 
White clover seed Oct. 1 autumn Feb. 10 vegetative Oct. 1 flowering Nov. 7 flowering Nov. 21 
Nov. 1 autumn Feb. 10 Nov. 1 Dec. 1 Dec. 15 
Dec. 1 autumn Feb. 10 Dec. 1 Jan. 1 Jan. 15 
Rvegrass seed Feb. 15 pre-drilling Feb. 10 ear Nov. 15 post· Dec. 6 
(e.g., Ruanuil Ilf emergence flowering 
grazing 
Sept. 1) 
Linseed Sept. 1 flowering Dec. 1 pod fill Dec. 21 
Oct. 1 tiliering Nov. 5 Dec. 15 Jan. 4 
Nov. 1 pre-drilling Oct. 27 Dec. 1 Dec. 30 Jan. 17 
Dec. 1 Nov. 27 Dec. 27 Jan. 30 Feb. 7 
Potatoes Oct. 15 pre· 10% Dec. 15 pre-tuber Jan. 2 
le.g., lIam Hardv) Nov. 15 pre-drilllng Nov. 11 flowering Dec. 20 flowering Jan. 3 swell Jan. 17 
Lupins Mav 1 40% Nov. 20 pod fill Dec. 8 
Sept. 1 vegetative Nov. 1 flowering Nov. 25 Dec. 13 
Oilseed rape Oct. 1 tillerlng Nov. 15 10% Dec. 15 end of Jan. 3 ~ Nov. 1 pre-drilling Oct. 27 tillerlng Dec. 10 flowering Dec. 31 flowering Jan. 14 W 
-...J 
Table 2: Approximate crop critical irrigation times for a good Lismore loil type in Canterbury. 
--- -----~---
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(Plank and Heiler, 1977). Inclusion of variable and complex 
crop rotations becomes, therefore, an essential requirement of 
the simulation model. This has been done by the identificat-
ion of 'rotation modules', which are described below by compar-
ing the features of a rotation module with the normal farm-
management description of a typical crop rotation. 
The suggested crop rotation for one property in 
the scheme area by Plank and Heiler (1977) is: 
Old pasture - wheat - wheat - giant rape - barley -
tama greenfeed - new grass - grass seed - white 
clover. 
This multi-crop rotation may be taken to consist 
af five rotation modules, each module describing the land use 
of the area in each of five years defined from 1 June to 31 
May, as follows: 
Period 1 Period 2 Period 3 Period 4 
Module 1 Winter Wheat Fallow YEAR 1 
Module 2 winter Wheat ! cultivation Rape YEAR 2 
Module 3 I CUltivation! Barley ! Cultivation Tama YEAR 3 
Module 4 New grass- Ryegrass Grazing YEAR 4 grazing seed 
Module 5 Grazing White Grazing YEAR 5 
clove!;' seed 
1 JUNE 31 MAY 
DAY 1 time DAY 365 
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Within each rotation module, it is possible to 
specify sowing date, estimated harvest date, and to identify 
the periods in which certain irrigation rules will apply. 
This information is represented in the model as a series of 
day numbers, which for the Year 3 module would be: 
\10 1 92113411871 2.00 I 2141· 24.5 36.5 1 
Item 
No. 1 2 
Item No. 1 = 10: 
Item No. 2 = 92: 
3 4 5 6 7 8 9 10 11 12 
This is the identifier of the rotation 
module, call NUM is the model. 
Sowing day of barley crop, called XI in 
module. The period from Day 1 to XI is 
a cultivation phase, no irrigation. 
Item No.3 = 134: A day on which the irrigation rule is to 
correct soil moisture to field capacity, 
corresponding to tillering, called X2 
in the model. 
Between Xl and X2 the irrigation rule is 
to irrigate to keep soil moisture between 
25% and 75% of the available water store. 
Item No.4 = 187: Called X3, corre~ponds to ear emergence. 
Irrigation rule as for X2 above and 
X2-X3 as for Xl-X2. 
Item No.5 = 200: Called X4, corresponds to grainfill. 
Irrigation rule as for X2 above and X3-X4 
as for XI-X2. 
Item No.6 = 214: Called X5, harvest .. Irrigation rule X4-X5 
as for Xl-X2. 
Item No. 7 ~ 245: Called X6, the period X5-X6 being the 
cultivation phase for the Tama crop. 
No irrigation. 
Item No.8 = 365: Called X7, the period X6-X7, is used to 
accumulate growth in the Tama crop. 
Irrigation rule X6-X7 as for Xl-X2. 
Item No's 9, 10, 11, 12: Identifies the land use in each of 
the four periods as: 
The 
modules grown in 
Module 1: 
2 : 
3: 
4 : 
5 : 
1: Cultivation (twice) 
,4: Spring Barley 
9: Winter Greenfeed 
identifiers in the model for 
this example are: 
NUM = 3 
NUM = 1 
NUM = 10 
NUM = 30 
NUM = 25 
the rotation 
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The crop rotation for the irrigation area of five 
paddocks can therefore be identified by 'sequentially linking 
the NUM values of each module, viz. 3, 1, 10, 30, 25 or as 
illustrated diagrammatically below: 
Year 1 Year 2 Year 3 Year 4 Year 5 Year 6 
NUM = 3 NUM = 1 NUM = 10 NUM = 30 NUM = 25 NUM = 3 
and so on. 
In the real farm situation, the five paddocks 
over any five year rotation period may look like: 
Year 1 
2 
3 
4 
5 
Paddocks 
3 
1 
10 
30 
25 
1 
1 
10 
30 
25 
3 
2 
10 
30 
25 
3 
1 
3 
30 
25 
3 
1 
10 
4 
25 
3 
1 
10 
30 
5 
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The model simulates in each year the soil moist-
ure of five paddocks, each growing the crops identified as: 
NUM = 1, 3, 10, 30, 25. At the end of each year (31 May), 
the finishing soil moisture level for NUM = 3 becomes the 
starting soil moisture level for NUM = 1 in the next year, and 
so on for each rotation module. 
The use of rotation modules hence allows complex 
multi-crop rotations to be simulated on each and every farm in 
the scheme area. Farm management operations such as sowing 
and harvest can be identified, as can estimates of the time of 
occurrence of critical periods in the growth and development 
of the crops grown. By manipulation of soil moisture levels 
at the end of each year, the movement of the rotation with time 
can also be accommodated. 
5.3.5 Irrigation Rules and Water Demand Estimates 
The background to the soil moisture modelling pro-
cedure and in the model has been given in the previous sections 
of this chapter. It is brought together in this section to 
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illustrate how the various aspects are used to produce water 
demand estimates suitable for the two purposes defined in 
Section 5.1: simulation of the volumetric and temporal 
withdrawal of water from each storage, and prediction of 
parameter values used for crop yield production. 
The decision on when to irrigate particular 
crops is incorporated into the model so as to maintain the 
optimum soil moisture regimes described in Section 5.3.2, 
according to the prediction of growth stages given in Table 
5.4. The depth of irrigation application is determined by 
either the irrigation rule used during non-critical periods 
(e.g. to correct SM from 25% AWC to 75% AWC during the vege-
tative stage in peas), or by the soil moisture status at the 
time of occurrence of a pre-specified critical period (e.g. 
10% flowering for peas) when SM levels are brought back to FC. 
The irrigation applications made in the simulat-
ion to each crop are accumulated daily for each farm and a 
volumetric withdrawal from each storage is made, with the 
assumption that the irrigation application efficiency is 75% 
(Merriam et al., 1980). 
In situations where insufficient water is avail-
able in storage to meet the desirable irrigation application, 
the application depth is adjusted to empty the storage. No 
attempt has been made to allocate water in periods of short-
fall to different crops on the basis of their relative economic 
response to applied water. To incorporate irrigation decision 
rules in the model that could fully explore the implications of 
optimum intra-seasonal allocation of limited water supplies 
would have added unmanageable complexity to the simulation 
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study. Adhering to irrigation rules that may be sub-optimal 
will necessarily result in economic performance that is con-
servatively estimated in comparison with rules that are more 
likely to be chosen during the real-time operation of the sys-
tem. This approach is consistent with the philosophy of hand-
ling uncertainty, of one kind or another, by deliberately adopt-
ing procedures that result in conservative estimates of scheme 
performance. 
5.4 SUMMARY 
This chapter has described the way in which the deplet-
ion of water from storage is simulated in the systems model. 
The timing and amount of water withdrawal from storage for 
the irrigation of a multi-crop situation on a particular farm 
requires consideration of three interrelated issues: 
(a) effect of climate, soil properties and crop 
physiology on actual evapotranspiration rates, 
(b) identification of soil moisture levels that are 
associated with non-limiting crop growth and 
are realistically achievable in the project 
situation, 
and (c) a method of incorporatin~ the issues (a) and (b) 
in a general method of calculation for the multi-
crop situation suitable for implementation within 
the computer model. 
The solution proposed has limitations that have been dis-
cussed throughout the chapter. The level of sophistication 
adopted is in balance with the other parts of the model des-
cribed in Chapter Four and is satisfactory for the purposes in-
tended. 
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CHAPTER SIX 
MODELLING OF THE CROP YIELD SUB-SYSTEM 
6.1 INTRODUCTION 
within the overall systems model, it is necessary to 
make estimates of the seasonal yield of a number of crops for 
a dryland soil moisture regime and for soil moisture regimes 
that have been altered by the application varying amounts of 
irrigation water. These estimates, when combined with suit-
able assumptions about product price, allow the gross income 
from crop production to be estimated in each year of the 
simulation, and hence form an important part of the cash flow 
stream used to evaluate the success of engineering proposals. 
Despite the progress made in the development of crop 
yield models in recent years (Stewart et a~., 1977), there 
are several problems associated with defining water production· 
functions in the project design environment, and these should 
be made clear at this point in the presentation. 
The reported studies of water production functions have 
been restricted to only some of the crops of economic signifi-
cance in New Zealand agriculture. Table 6.1 lists a number 
of major studies, some of which will be reviewed later in this 
chapter, and it can be seen that the majori ty of the crops in-
volved (wheat, corn, cotton, sugar beet, sorghum) have more 
relevance to the large-scale agriculture practised in contin-
ental areas, than to the complex crop - livestock systems com-
mon to New Zealand and parts of coastal Australia. This is not 
Table 6.1: Details of Some Studies Aimed at Crop Yield 
Production 
Authors 
Model 
Type 
(Note 2) 
U.S. Dept of 
Agriculture (196~ 
Water Resources 
Commission of 
NSW (1967) 
Water Resources 
Commission of Qld 
(1976) 
Ministry of Agr. & 
Fish. N.Z. (1968) 
Lee (1958) 
Miller et at. (1965) 
Beringer (1961) 
Taylor (1952a, b) 
Stewart & Hagan (1969a) 
Stewart & Hagan (1969b) 
Hexem & Heady (1978) 
Moore (1961) 
Minhas et at. (1974) 
Jensen (1968) 
Hiler & Clark (1971) 
Howell (1974) 
Hiler & Howell (1973) 
Lewis et at. (1974) 
Stewart et at. (1974) 
Cordova & Bras (1979) 
Nix & Fitzpatrick (1969) 
Berndt & White (1976) 
Drewitt & Rickard (1971) 
Dean (1975) 
Type 1 
n 
" 
" 
" 
" 
Type 2 
" 
" 
" 
" 
Type 3 
" 
" 
" 
" 
" 
Flinn & Musgrave (1967) Type 4 
Sorrenson (1977a) " 
Ritchie (1976) " 
Ahmed & van Bavel (1976) 
Wright & Baars (1974) 
Fick (1978) 
" 
" 
" 
Crops 
Studied 
(Note 1) 
Location 
USA 
NSW, Australia 
Qld, Australia . 
Methodological Study 
Alfalfa, potatoes, 
sugar beet 
Maize, alfalfa 
Alfalfa 
Maize, wheat, 
cotton, sugar 
beet 
Utah, USA 
California, USA 
California, USA 
Western States, 
USA 
Cotton 
Wheat 
California, USA 
Delhi, India 
Review article 
Sorghum, 
peanuts 
Sorghum 
Sorghum 
Sorghum 
Sorghum 
Sorghum 
Wheat, 
sorghum 
Wheat, 
sorghum 
Wheat 
Milkfat 
Texas, USA 
Texas, USA 
Texas, USA 
Texas, USA 
California, USA 
California, USA 
NSW, Qld, 
Australia 
Qld, Australia 
Winchrnore, N.Z. 
Palrnerston Nth, N.Z. 
Methodological Study 
Maize, pasture Palrnerston North, NZ 
Wheat, lucerne Winchrnore, NZ 
Sorghum Texas, USA 
Pasture Palmerston North, NZ 
Pasture Canterbury, NZ 
Note 1: Procedure applicable to the full range of crops grown under 
irrigation in areas concerned. 
Note 2: See Section 6.3 for Model Type explanations. 
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to say that agricultural research is in any way inferior in 
these latter areas, rather it is that the interest in funct-
ionalising the effects of water stress on crop yield is com-
paratively recent. The orops that are included in the 
agricultural systems adopted in this thesis have been des-
cribed and explained in Chapter Two, and include: 
a) cereals (spring and winter wheat, barley), 
b) peas for seed production, 
c) small seeds (white clover and ryegrass), 
d) forage crops (white clover/ryegrass pastures, 
winter greenfeed). 
The appropriateness of crops such as these for the farm-
ing systems in the project area is well established by their 
widespread and successful adoption. Unfortunately, whilst 
the good husbandry of these crops is understood and widely 
documented, very little work has been specifically reported 
on their quantitative response to water stress. This aspect 
is treated in detail in later sections. 
A further difficulty experienced in attempting to 
develop the functional relationships for particular project 
areas, arises because of the extreme variability in the grow-
environment of crops in New Zealand. The variation in soil 
properties and local climate can be considerable within areas 
and between areas in close proximity. This means that re-
sults obtained at research centres located in a different en-
vironment to the project area, may be of unknown relevance to 
the project area. The heterogeneity of the growing environ-
ments also makes it difficult to use crop yield data from 
farms for the development of generally applicable crop yield 
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models. Data are presented in Section 6.4 (Table 6.4) that 
illustrate I' the large variation in cereal yields between 
crops on adjacent paddocks with similar growth history. 
Despite the lack of information for the task here being 
introduced, development pressures demand that estimates be 
made for studies of this sort, however approximate. 
The material which follows is arranged in four major 
sections. Section 6.2 is a brief review of what might be 
called "first-principles" in addressing the question of crop 
yield algorithms, and includes a general review of the physio-
logical effect of water stress on crop yield and development, 
followed by specific comment on each of the crops that are of 
immediate interest. The development of previous attempts to 
functionalise the water - crop yield relationships in the lit-
erature is traced in Section 6.3, with particular emphasis ort 
placing in perspective and reviewing the latest work in this 
field. These two sections are background to Section 6.4, 
which is a description of the crop yield algorithms adopted 
for the Glenmark Scheme, together with the testing of the 
algorithms to indicate their reasonableness for the job in 
hand. The material presented in the chapter is summarised in 
the last section. 
6.2 EFFECTS OF WATER STRESS ON PLANT YIELD AND DEVELOPMENT 
6.2.1 General 
Dougherty (1973) gave a general summary of the 
major physiological effects of water stress on plant yield and 
development, with particular reference to New Zealand condit-
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ions, and what follows comes primarily from that source. 
Crops suffer stress of one kind or another during 
their growth process, and water stress is but one of these. 
The effects of stress on yield and development are complex, 
and difficult to isolate in irrigation experiments. The re-
suIts of many studies show that particular plant processes 
and organs are affected differently and perhaps independently 
, 
by water stress, and that the time of occurrence of water 
stress is of major importance for specific crops. Biological 
yield is always reduced by water stress, but if the harvest-
~ble portion of the crop is only part of the total biological 
yield, economic yield may not be affected by water stress 
(Dougherty, 1973). 
Crop growth rate can be considered to result 
from a multiplicative interaction of leaf area index (LAI) and 
net assimilation rate (NAR). Water stress reduces both LAI 
and NAR. Total growth is a function of the growth rate and 
the length of the growing period, and water stress reduces the 
growing period by accelerating the rate of plant development. 
In addition, the survival processes within the plant are 
aCGelerated by water stress, particularly the ageing processes 
involving senescence and abscission (Dougherty, 1973). 
Individual plant organs may be smaller if water 
stress occurs, but only those growing at the time will be 
affected, as growth processes that have terminated will not be 
altered. Generally, the above-ground organs of the plant are 
more affected, and root development least affected. Particu-
lar processes of agricultural significance may be sensitive to 
water stress. For example, the fixation of atmospheric nitro-
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gen by pasture legumes i.s particularly sensitive to water 
stress, and as pasture legumes are important in New Zealand 
agriculture as restorative crops prior to cereals, the water 
stress history of earlier pasture crops may have an important 
influence on cereal yields in later seasons (Dougherty, 
1973) • 
In cereals, the time of occurrence of water 
stress is a major determinant in affecting economic yield. 
In wheat, water stress accelerates the reproductive processes, 
but does not affect the time of floral initiation, which is 
regulated primarily by photoperiod and temperature. In any 
season, therefore, dryland wheat and irrigated wheat will 
commence flowering at a similar time (Dougherty, 1973). 
This brief review emphasises the importance of 
accounting for crop physiology when attempting to relate 
simulated water stress parameters and final crop yield. The 
processes involved are so complex, however, that simplistic 
modelling can only hope to give approximations of the effects 
of water stress on crop yield, and as a result, only give 
approximations to the crop response to altered water stress 
regimes under irrigation. 
6.2.2 Cereals 
From a review of world literature, Salter and 
Goode (1967) identified the period between shooting and head-
ing as the most sensitive period for wheat and from booting 
through heading for barley, when plant water stress has the 
most effect on grain yield. Robins et al. (1967) (in Hagan 
et al., 1967) suggested that the period during and after 
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heading is the most sensitive period for both wheat (spring 
and winter) and barley. In studying dryland wheat in 
Australia, Fitzpatrick and Nix' (1969) found that the most 
significant parameter in explaining dryland wheat yields was 
the stress index calculated for the two week period follow-
ing ear emergence, which encompasses the heading and early 
flowering periods. 
The work of Drewitt and Rickard (1971), reviewed 
in Section 6.4, found that the average soil moisture deficit 
for the period booting/heading/flowering was the most success-
ful in a regression equation to predict the yield of winter-
sown Aotea wheat. Booting occurred in mid-November in this 
study. In a study of the effect of sowing time on the yield 
of three irrigated wheat cultivars in Canterbury, Dougherty 
et aZ. (1975) showed that the effects of variety were more 
important if spring sown; spring-sown wheats were more 
responsive to irrigation and more susceptible to moisture 
stress than winter-sown wheats; and that the ear populations 
of spring-sown wheat cannot be established and maintained at 
densities which are high enough to produce yields comparable 
to wheat sown in the winter. Drewitt (1974) found in one 
season at Winchmore a reduction in yie~d from three wheat var-
ieties when sown in May, June and July, but little difference 
in the next season. In this study, booting occurred in early 
November for all sowing date/variety combinations. 
6.2.3 Seed Peas 
Overseas results (Salter and Goode, 1967) and 
work in New Zealand (Stoker, 1973; Anderson and White, 1974) 
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are in general agreement as to the effect of water stress on 
the yield of both green and seed peas. The most sensitive 
stages of growth appear to be from the start of flowering and 
during flowering, and during pod-swelling. 
Stoker (1973) maintains that some of the conflict-
ing results from irrigation experiments about the effect of 
water stress on pea yield corne from three causes: (1) lack of 
definition of the stage of growth and duration of the stage 
referred to; (2) the variation of plant water stress between 
experiments with the same irrigation treatments because of 
local conditions; and (3) the effect of other factors such 
as variety, sowing rate, fertiliser and weed control. 
Whilst the effects of water stress on pea yield 
are understood in a qualitative sense, little has been done 
to functionalise the relationship for predictive purposes. 
For the purposes of this study, no derived relationships were 
found in the New Zealand literature that could be incorporated 
into the model. 
6.2.4 Small Seed Crops 
The successful production of white clover and 
ryegrass seed crops is a complex management operation. Very 
little has been published about the effect of water stress or 
water excess on seed yields. Keller and Carlson (in Hagan 
et al., 1967) report studies on the irrigation regime suited 
to seed production from forage crops, which indicate some of 
the physiological aspects of importance. For lucerne seed 
production, Taylor et al. (1959) achieved highest seed yields 
by maintaining low stress conditions from initiation of growth 
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to the start of flowering, then withholding water until har-
vest. Other workers (Pederson et aZ., 1959; Pederson and 
McAllister, 1955) found that irrigation during flowering 
depressed lucerne seed yields, and recommended only light 
irrigation after flowering. Ladino clover seed was irrigated 
by Miller et aZ. (1951), who recommended frequent light ir-
rig~tions for maximum seed production. Grass seed yields 
under irrigation were studied by Omen and Stark (1951) and 
Sumner et aZ. (1960), who all found that highest yields were 
obtained when soil moisture levels were maintained so as to 
produce low water stress values from start of season to har-
vest. 
None of the work reported above is of direct 
assistance in formulating a quantitative method of relating 
soil moisture to seed yields, however approximate. No 
scientific publications were found that considered the ir-
rigation requirements of white clover or grass seed under New 
Zealand conditions, although recommendations are given in var-
ious extension publications of the New Zealand Ministry of 
Agriculture and Fisheries (Ministry of Agriculture and Fish-
eries, 1978 c , d). These recommendations are largely based 
on the experience of farm advisory officers and farmers who 
have grown white clover and perennial ryegrass to seed harvest 
for many years under.Canterbury conditions. They represent, 
in a qualitative sense, the present level of understanding of 
the effect of soil moisture levels on the final seed yield of 
these crops. 
On the basis of the New Zealand experience, 
several important features of the physiology of response of 
white clover and ryegrass are indicated. 
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Three stages of growth of white clover and rye-
grass are of importance in determining final seed yield: 
the vegetative, flowering and post-flowering stages. The 
response of each crop to soil moisture conditions, rain and 
irr~gation are generally understood, in a qualitative sense, 
in each of these stages, and provides the basis for the cal-
culations described in Section 6.4. During the vegetative 
stage of each crop, it is desirable to keep vegetative growth 
above a certain minimum level necessary to allow optimum 
later seed set, but to allow sufficient moisture stress for 
the reproductive stages to be initiated as uniformly as pos-
sible over the whole crop. High soil moisture values at 
all times during the vegetative stage may reduce seed yields 
in white clover by encouraging continued vegetative growth 
at the expense of reproductive growth, and in ryegrass by 
producing excessive vegetative growth, which may prevent 
some tillers from becoming reproductive, and result in the 
production of second and higher order tillers which produce 
small heads and light seed. 
Once flowering has occurred, high soil moisture 
levels in white clover are desirable to stimUlate maximum 
nectar production for maximum pollination by bees. However, 
irrigation or rain on ryegrass during flowering may reduce 
the efficiency of cross-pollination upon which seed set is 
dependent. 
Both crops respond to adequate soil moisture in 
the post-flowering stage, but white clover seed yields may 
be reduced by high soil moisture levels at this time, as 
renewed vegetative growth may be encouraged, resulting in 
154 
harvest problems and the possibility of seed sprout and rot-
ting. A similar problem does not exist with ryegrass. 
6.2.5 Forage Crops 
(a) Pasture 
It has been demonstrated (e.g. Stewart and 
Hagan, 1973; Salter and Goode, 1967; Kramer, 1962) that 
vegetative growth is directly related to turgor, and that 
loss of turgor stops cell enlargement and stunts growth. 
Hence, total biological yield shows a high correlation with 
measures of crop water use (Stewart and Hagan, 1973). 
The growth of perennial rye9rass/white 
clover pastures has been extensively studied in New Zealand 
(Langer, 1967). Pasture response to irrigation in particu-
lar has been a major concern of the Winchmore Irrigation 
Research Station, and many publications have resulted. 
Rickard (1972) and Rickard and Fitzgerald (1970) have docu-
mented the major results of irrigation experiments on.perma-
nent pasture conducted at Winchmore. The general nature of 
their findings is that dry matter production in any season 
is increased with increasing irrigation applications. Rick-
ard (1972) and Rickard and Radcliffe (1976) give average 
daily pasture growth figures for irrigated and dryland pasture 
at Winchmore. 
Garwood and Williams (1967) studied the 
effect of soil moisture deficits on transpiration and herbage 
growth of a perennial ryegrass pasture. For a total avail-
able water store of about 150 mm, they found that transpirat-
ion was maintained close to potential until two-thirds of 
the available water had been removed from the root zone, 
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but herbage growth was rapidly reduced below potential growth 
after only one-third of the available water was depleted. 
They indicated (Garwood and Williams, 1968) in a later ex-
periment that the probable reason for continuing transpirat-
ion with little growth was a direct result of reduced nutrient 
uptake as soil moisture levels in the upper soil horizon were 
depleted. Pa~ture species are largely shallow rooted, and 
the plant nutrients are concentrated near the surface, be-
coming rapidly unavailable as soil moisture levels are re-
duced below a certain minimum level. 
(b) Greenfeed and Root Crops 
A large number of greenfeed and root crops 
are grown in New Zealand for forage production, including 
maize, sorghum, Japanese millet, swedes, turnips, rape, 
cereal greenfeeds (Douglas, 1980). In the final design report 
of the Glenmark Scheme (Plank and Heiler, 1977), green-
feed crops were selected to suit individual farm/farmer sit-
uations, and oats, Tama ryegrass, soft turnips and rape were 
incorporated in the farming systems proposed. 
For the purposes of the greenfeed modelling 
exercise, an 'artificial' greenfeed crop was assumed with 
dry matter production capabilities around the average value 
from a range of crops suitable for use in the project area. 
In reviewing the limited amount of information available 
about the physiological effects of water stress on the yield 
of greenfeed crops, attention has been given to two crops 
that are commonly used, soft turnips and Tama ryegrass. 
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Some 9000 ha of soft tur.nips were grown in New Zealand in 
1976, and they provide an effective quick maturing greenfeed 
crop that suits the spring crops in the crop rotations 
adopted. Little yield data have been published on soft 
turnips in New Zealand, although the crop husbandry is well 
understood. Douglas (1980), in a major review of forage 
crops in New Zealand, gave figures of soft turnip drY,matter 
production from various trials in the Canterbury region. 
Analysis of these results from Table 7 of this publication 
shows that for January and February planting dates and harvest 
dates from end June to end August, average daily growth rates 
ranged from 27.5 to 37.7 kg/ha/day, with an average value of 
33.9 kg/ha/day. 
Very little work has been done on the 
effect of water stress on soft turnips, but Salter and Goode 
(1967), in reviewing studies on sugar beet, found no obvious 
indication that this crop, when grown for its roots, is 
especially sensitive to soil moisture conditions at any 
particular stage of growth. 
It is well appreciated (Ministry of Agri~ 
culture and Fisheries, 1978e) that the establishment period 
is especially critical for all autumn-sown greenfeeds in New 
Zealand. Soil moisture levels should not be allowed to fall 
below 30 per cent of AWC if biological yield is to be maxim-
ised, based on field experience, (Ministry of Agriculture and 
Fisheries, 1978e). 
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6.3 REVIEW OF CROP YIELD MODELS 
6.3.1 Introduction 
There has been a continuing effort by engineers 
and economists to develop methods for estimating crop water 
requirements and the resulting crop yield for the purposes 
of designing irrigation schemes and analysing the economic 
impact of irrigation development. In reviewing work of 
this kind, various levels of sophistication are apparent, 
related to the type of study being undertaken, an increasing 
understanding of the soil - water - plant relationships in-
volved, and to the recent use of computer methods which 
allow computational schemes of a complexity not possible in 
the past. In order to put both the problems and the pos-
sible solutions in perspective, Lt is useful to categorise 
typical examples of these levels of modelling. The categor-
,isation which follows is similar in its broad groupings to 
that suggested by Flinn and Musgrave (1967), who looked at 
the development of input-output relations for irrigation 
water. The difference is that the purpose and application 
of modelling at each level is discussed in this review, where-
as the Flinn and Musgrave discussion was restricted primarily 
to the types of computational algorithms involved. Four 
types of models are identified: 
(a) Type 1 Models: That assume fixed crop water require-
ments and yields. 
(b) Type 2 Models: That utilise statistical input-output 
relationships. 
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(c) Type 3 Models: That account for the physical environ-
ment. 
(d) Type 4 Models: That simulate the physical and bio-
logical relationships of importance. 
6.3.2 Type 1 Models: That ASS.Ulne Fixed Crop Water 
Requirements and Yields 
A cornmon approach used by engineers in irrigat-
ion system design has been to provide for soil moisture 
levels in the crop root zone to be kept above a certain 
specified minimum (mostly fifty per cent of available water, 
sometimes twenty-five per cent), for all crops within the 
irrigated area. The design philosophy implicit in this 
approach is to minimise yield reductions due to moisture 
stress under the most disadvantageous conditions of water 
supply and demand (Yaron, 1971; Stewart and Hagan, 1973). 
The justification for assuming fixed crop water 
requirements comes from the theory of plant response to soil 
water availability proposed by Veihmeyer and Hendrickson 
(1955). In this theory, it is maintained that soil moisture 
utilisation by plants is not limited for all soil moisture 
conditions above permanent wilting point. Irrigation 
schedules based on this theory allow for soil moisture replace-
ment when permanent wilting point is reached, and hence the 
seasonal irrigation water requirements, if rainfall is ignored, 
are determined primarily by potential evaporative demand. 
The potential evaporative demand for a specific location is 
relatively constant from season to season, and it therefore 
follows that the assumption of a fixed crop water requirement 
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is a reasonable modelling approach, once the basic hypothesis 
is accepted. 
In studies where the assumption of a fixed 
seasonal water requirement has been made, a fixed irrigation 
response is almost always adopted in economic analyses. 
Studies in the USA by Lee (1958) and Miller et at. (1965) 
on irrigation scheme economics were of this type, In New 
Zealand, as detailed by Sorrenson (1977~, some 95 per cent 
of all project evaluation studies carried out on behalf of 
Government between 1952 and 1975, made the assumption of 
fixed irrigation demand and response. 
As described in Chapter Two of this thesis, 
and detailed in the Appendix Volume, a fixed (but less than 
peak) water demand provided the basis for the traditional 
design approach for the Glenmark Scheme, and a fixed (but 
less than maximum) irrigated yield was used in the subsequent 
investigations of both farmer - and national - viewpoint 
economics. 
A serious criticism can be made of this type of 
modelling approach. The theory which underlies the assumpt-
ions in the model has been challenged by Denmead and Shaw 
(1962), Minhas et at. (1974) and others. They maintain that 
plants do respond differently to variations in soil moisture 
content between field capacity and permanent wilting'point, 
and that depletion of soil moisture reduces subsequent water 
availability to the plant, as well as plant growth rates and 
final yield. Hence, seasonal crop water requirements are 
influenced not only by potential evaporative demand, but also 
by the soil moisture regime. Calculations of fixed crop 
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water requirements based on Type 1 Models are, therefore, 
liable to be overestimates of actual crop water requirements. 
The implications of this criticism in applicat-
ion are twofold. The engineering works resulting will be 
over-designed for all but the worst situation and the assumpt-
ion of fixed irrigated yield may invalidate the economic 
analysis'because stochasticity will be present in the ir-
rigated yield time series for reasons other than the amount 
of irrigation water available. In addition, as economic 
analysis of the before-and-after situation is an essential 
part of the assessment of scheme merit, the question of dry-
land crop yields must be addressed. In a droughty area the 
variation in dry land production from year to year can be 
very great, and if the assumption of an expected dryland 
yield is used in the analysis (as is mostly done if expected 
values of irrigated yield are assumed), the results of the 
economic study will not reflect the presence of potentially 
important stochastic influences. 
Whilst criticism can be made of design proced-
ures that assume a fixed seasonal water requirement for the 
purposes of calculating the storage necessary in irrigation 
schemes where water supply regulation is necessary, and for 
producing the basis of economic studies, it is a reasonable 
approach to take in assessing ,the capacity of distribution 
systems necessary to satisfy the peak water requirements over 
a short time period when evaporative conditions are extreme. 
This has been recognised to some extent by design agencies, 
and whereas it is still adopted for system capacity calculat-
ions, arbitrary allowance is made for the effect of supple-
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mental rainfall on seasonal water requirements (Water 
Resources Commission of NSW, 1967; Water Resources Commis-
sion of Queensland, 1976). However, these procedures rarely, 
if at all, make quantitative recognition of the important in-
fluence of the soil moisture regime on actual evapotranspirat-
ion rates. 
6.3.3 Type 2 Models: That Utilise Statistical 
Input-Output Relationships 
Crop physiologists, economists and irrigation 
engineers have looked to the results of irrigation experi-
ments to statistically derive functions that relate irrigated 
production to measures of the irrigation regime,accurnulated 
moisture stress or evapotranspiration over the growing season 
of the crop. 
Traditionally, two schools of thought are 
identified by Beringer (1961) in attempts to derive input-
output relationships. He discusses these in outlining an 
economic model for determining the production function for 
water in agricultural applications. The first and early 
attempts considered water quantity as the only independent 
variable and crop yield as the dependent variable, and are 
considered to be of limited value in economic studies. The 
results of such studies are soil and site dependent, and 
neglect to account for the distribution of water over the 
growing season (Beringer, 1961). 
The work of Taylor (l952a, b) in developing the 
concept of integrated soil moisture tension as a more mean-
ingful independent measure of water input effects, was 
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identified as the second school of thought and supported by 
Beringer (1961) as being the most suitable at that time for 
identifying water production functions suitable for use in 
economic studies. Taylor (1952a) recognised the reality 
of moisture content variation with depth at any time, and 
with time between irrigation cycles, and proposed an ana-
lytical method of handling the complexity of these joint 
distributions as independent variables. Essentially, the 
method expresses soil moisture tension in a soil profile (T) 
as a function of depth (x) and time from last irrigation (t): 
T = f (x, t) 
The integrated soil moisture tension (Tr) is then evaluated 
as a double integral, 
t d 
Tr = xr J J Tdx.dt 
t d 
o 0 
where to is the time when the profile was last at field 
capacity, x is the time when Tr is evaluated, and d and d 
o 
represent the limits to the range in depth of the profile 
being considered. 
Taylor (1952b) used calculated values of Tr 
from one season experiments on alfalfa, potatoes and sugar 
beets for four sets of irrigation schedules that resulted 
in different Tr values over the season. The results of 
these experiments-indicate that as the mean integrated soil 
moisture tension increases, crop yield decreases. 
6.1 
6.2 
163 
In reviewing his results, Taylor (1952b) shows 
quite clearly that the hypothesis of Veihmeyer and Hendrick-
son (1955), that growth is unaffected by soil moisture values 
above permanent wilting point, is untenable. In so far. as 
this review is concerned, this conclusion must also make 
untenable the assumptions inherent in Type 1 Models dis-
cussed in the previous section, and contra-indicate their 
use for anything but the system capacity calculations prev-
iously mentioned. 
The large number of papers by Hagan and co-
workers, for example Stewart and Hagan (1969a), discuss 
attempts to relate the dimensionless ratios of (actual 
evapotranspiration/evapotranspiration associated with maxi-
mum yield) to (actual yield/maximum yield) . This work es-
sentially isolates one growing season parameter (actual 
evapotranspiration) as the parameter influencing yield res-
ponse, although work on alfalfa (Stewart and Hagan, 1969b) 
incorporated elements of crop physiology in order to explain 
the departures from a single relationship in succeeding 
seasons. 
Some of the problems associated with using 
statistically derived input-output relationships for crop 
yield prediction are revealed in the alfalfa study. The 
inherent linearity of the relationship between yield and 
evapotranspiration was found to be complicated by the physiol-
ogy of end-of-season storage of photosynthates into roots of 
alfalfa and subsequent spring retrieval, which altered the 
basic linearity of the 'yield-evaporation response function. 
Whilst the departure from linearity in the response functions 
presented was explained, the inherent weakness of models 
relying only on input-output data is demonstrated in this 
study. 
More recently, Hexem and Heady (1978) pub-
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lished the results of a comprehensive study aimed at develop-
ing site-specific and generalised water production functions 
for corn, wheat, cotton and sugar beets. In this work, 
they report the deliberate omission from the functions de-
veloped of the dynamic nature of the crop yield-moisture 
stress elements, and consider specifically only the parameters 
describing the local soil and climate, and the interactions 
with other biological inputs such as plant variety, fertiliser 
and pesticides. Despite this omission, the experiments re-
quired that irrigation treatments (amount and timing) be based 
on predetermined procedures. The authors report that two 
procedures were used, one based on correcting moisture to 
field capacity whenever a predetermined soil moisture tension 
was reached, and the other (used in Texas) geared to stages 
of growth. The quantities of water applied using either 
approach were aggregated into one water application parameter, 
W, the total water applied during the growing season. An 
example of a quadratic form of product~on function developed 
for corn in the Kansas experiments was, 
y = - 1354.4861 + 434.0799W + 39.9816 N - 11.034lW2 
- O.0840N 2 + O.3874WN 6.3 
where Y is corn yield in pounds per acre 
W is total water applied in inches 
N is applied N in pounds per acre 
The work reported by Hexem and Heady (1978) 
is really a sophisticated version of the earlier work on 
input-output relationships described by Beringer (1961) 
and reviewed at the start of this section. The derived 
165 
constants in the mathematical form of the various equations 
fitted (polynomial, Mitscherlich) reportedly revealed feat-
ures that were consistent with known physiological propert-
ies of the crops studied, but it is questionable whether 
the work has relevance to crop yield prediction in a practical 
situation where farmer-decisions are involved as to irrigation 
scheduling, or where supplemental rainfall possessing high 
variability is an important component of the water budget of 
the crop. 
Flinn and Musgrave (1967), in reviewing funct-
ions in this category of Type 2 Models, submit that their 
greatest limitation is the neglect of the dynamic aspects of 
the problem; that is, the time of occurrence of irrigation 
applications or soil moisture deficits, during the growing 
season. The methodology used specifically precludes de-
tailed accommodation of the information presently available 
on crop physiology. 
The work reviewed in ,this section does, however, 
represent a very important improvement on the simplistic 
approaches described in Type 1 Models. For many irrigation 
experiments, it is only by analysis of this type that pre-
dictive relationships can be identified. For some app1icat-
ions, such as large-scale irrigation developments in the arid 
west of the United States, statistically derived input-output 
relationships as presented by Hexem and Heady (1978) are 
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appropriate. It is doubtful, however, if such experiments 
and analyses have any real prospect of forming the basis of 
generalised water production functions for use in environ-
ments away from their birth, despite the hopes expressed by 
Hexem and Heady (1978) in their discussion on this question. 
6.3.4 Type 3 Models: That Account "for the Physical 
Environment 
Recognition that the soil moisture regime, rather 
than the total quantity of water applied, was more important 
in determining crop water use and crop yield, spurred the 
development of models based on postulated soil - plant -
water relationships. According to Flinn and Musgrave (1967), 
this approach grew from the work on soil water budgets studied 
by soil scientists and climatologists. The distinction 
drawn between the models described below and the Type 4 Model 
classification proposed in the next section, is made on the 
amount of detail in which the crop physiology is incorporated 
into the models. The major limitation to models of this type 
identified by Flinn and Musgrave (1967) is in the simulation 
of plant growth, the result being that crop water use is often 
predicted more accurately than plant growth. 
An important contribution in suggesting how soil-
plant - water relationships could be incorporated in economic 
evaluations was made by Moore (1961). Essentially this 
study conceptualised the crop growing season as a series of 
cycles in which an optimum growth potential was modified by 
the occurrence of moisture stress. Two assumptions in the 
model proposed were criticised by Flinn and Musgrave (1967). 
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These criticisms arose because of an inadequate representat-
ion of the effects of crop physiology in influencing the 
availability of water to the crop from the soil - (Moore 
related 'soil moisture release' to soil moisture alone) -
and neglecting to modify the plant transpiration rate from 
the potential transpiration rate according to the level of 
soil moisture. 
More detailed incorporation of crop physiology 
was given by Minhas et at. (1974) in the development of the 
structure of a production function for wheat yields with 
dated inputs of irrigation water. The model proposed in-
corporated quantitative relationships to account for the 
effect of climate, availability of water in the crop root 
zone, the growth stage of the crop, and the physiological 
response of the plant to these factors. This work possesses 
common features with the soil moisture model used in this 
thesis, and described in Chapter Five, particularly with the 
way in which relative transpiration ratios are calculated as 
a function of soil moisture, and the estimation of a crop-
specific factor which accounts for crop cover and root 
development during the season. 
The work of Minhas et at. (1974) is a typical 
example of the current developments of Type 3 Models. The 
soil - plant - water relationships are conceptualised in a 
simplistic way, with'emphasis on preserving the major operat-
ing mechanisms. The parameters of the model describing the 
soil moisture regime are calculated so as to minimise the de-
parture of predicted soil moisture values from recorded data. 
The treatment of plant growth is relatively crude compared 
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with more physiologically-oriented models in the Type 4 
categorisation of the next section, but still has generally 
sound physiological justification. The initial stage in 
the development of the model required evaluation of parameters 
controlling the operation of the soil - plant - water sub-
system. The relationships used have been described in Chap-
ter Five, but the point to note is that parameter values 
were selected by fitting the estimated soil moisture values 
to recorded data. Having developed this sub-system model, 
the model then uses the output in the calculation of crop 
yield. Minhas et aZ. divided the growing season into ten-
day periods and proposed a multiplicative relationship be-
tween the relative transpiration in each period and the final 
grain yield. The general form of the relationship proposed 
was: 
Y, 
~ 
where YM = potential yield 
Y = actual yield 
ET, ETP = actual and potential evapotranspiration 
for the period k 
bk = crop sensitivity factor to water deficit in 
period k. 
6.4 
Application of this model required the calculat-
ion of the bk parameters describing crop sensitivity. When 
fitted to six years of data involving twenty-one experiments, 
deriving parameter values by regression analysis, the model 
explained 98.7% of the variance of the yield. 
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Jensen (1968) had previously proposed a multi-
plicative model of a similar type to that of Minhas et aZ. 
(1974) • In this work, the crop was divided into n growth 
stages, and actual yield was calculated from the equation: 
where Ak is a crop sensitivity factor to water stress, and 
the other terms are as previously defined. 
6.5 
Examples of an additive model (as distinct from 
the mUltiplicative models just described) can be found in 
the work of Hiler and Clark (1971) • The form of this model 
as, 
n 
= I: 
k = 1 
where SDk = stress day factor, which measures the duration 
and degree of plant water deficit during 
growth stage k 
CSk = crop sensitivity factQr to water deficit during 
growth stage k. 
Hiler and Clark (1971) applied their model to 
grain sorghum and peanuts in Texas and found values of CSk 
that when used in the model explained greater than 94% of 
the yield variation between treatments. 
6.6 
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Cordova and Bras (1979) describe how the 
models of Hiler and Clark (1971), Jensen (1968) and Minhas 
et at. (1974) were compared by Howell (1974), using experi-
mental data for grain sorghum collected by Hiler and Howell 
(1973), Lewis et al.. (1974) and Stewart et al.. (1974). 
The results of this comparison are shown in Figure 6.1, 
which demonstrates that all models performed extremely well 
(R2 > 0.96), with little ·to choose between the additive and 
multiplicative types. 
-
The work of Fitzpat~ick and Nix (1969) in 
Australia provides another example of how crop yield predict-
ion functions were developed from joint consideration of the 
soil water balance and a simplified representation of crop 
physiology. They found that historical crop yields of 
wheat and sorghum in northern New South Wales and southern 
Queensland could be reasonably predicted (R2 from 0.6 to 
0.9) by the use of a calculated stress index, defined as 
the ratio of the estimated available water in the root zone 
at the start of a critical period (ear emergence to anthesis) 
to the mean potential evaporation during the period. As 
an example of this approach, the predictive equation developed 
for grain sorghum yield was, 
Y = 20.74 5I - 1.02 6.7 
(R2 = 0.87) 
where Y is grain sorghum yield (bushels/acre) and SI is 
the stress index as defined above (weeks) for the period ear 
emergence to anthesis. 
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Figure 6 .. 1: Comparison of the predictive performance of 
some crop yield algorithms (after Cordova 
and Bras, '1979). 
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Whilst the study of Fitzpatrick and N~x (1969) 
was concerned with grain crops grown under dryland conditions, 
a similar approach to estimating end-of-season yields under 
irrigation would seem to offer promise in similar environ-
ments (Ritchie, 1976). Berndt and White (1976) used the 
relationship of Fitzpatrick and Nix (1969) in a study of 
cropping systems on cracking-clays in a summer-rainfall en-
vironment. They found that the actual evapotranspiration to 
potential evapotranspiration ratio used in the original study 
by Fitzpatrick and Nix required modification for the deeper 
soils in their study. This result illustrates the inter-
dependence between the relationships assumed in the modelling 
of soil moisture and actual evapotranspiration and those used 
for subsequent crop yield estimates. The implication of 
this is that whilst such approaches are capable of quite 
reasonable predictions of crop yield from simulated soil 
moisture regimes, the total algorithm should best be developed 
with site-specific data. 
In New Zealand, functions in this category have 
only recently been studied. Drewitt and Rickard (1971) 
presented the results of a study into the effects of irrigat-
ion and applied nitrogen on growth, gra~n yield and nitrogen 
content of wheat. In reporting the effects of average soil 
moisture deficit (defined as the average of the daily dif-
ferences between soil moisture and soil moisture at field 
capacity) during different stages of growth of Aotea wheat in 
Canterbury, they found that 72 per cent of the variance could 
be explained by a linear relationship between final grain 
yield and the average soil moisture deficit during booting/ 
; 
flowering/heading. The relationship was, 
Y = 4772 - 53.1 Xs 
(R2 = O.72) 
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where Y is the grain yield of Aotea wheat (kg/ha) and Xs is 
the average soil moisture deficit over booting/flower-
ing heading (mm). 
They cautioned that such a relationship did not imply that 
soil moisture conditions at earlier stages (e.g. tillering) 
were not important in inf-luencing grain yield, but that under 
local climatic conditions (with winter sown wheat) soil 
moisture is not likely to be low during such times. 
As far as using such relationships in governmental 
economic evaluations in New Zealand are concerned, Sorrenson 
(1977a) reports that only two proposals (Hautere, 1974 and 
Inaha, 1974) used similar methodologies, details of which are 
given in Dean (1975). 
The progress made in the category described as 
Type 3 Models has resulted in two major improvements over 
earlier work: the first is that the Type 3 Models are adequate 
for incorporation in engineering anq economic studies concerned 
with the effects of intra-seasonal application of irrigation 
wateri and second, the research into Type 3 Models has stimu-
lated the development of more sophisticated and physiologically 
complete models of the Type 4 category. For many purposes, 
such as the work of this thesis, Type 3 Models are very suit-
able, because they are able to capture the dynamic aspects of 
water application and give end-of-season yield estimates. 
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Modelling at this level, however, is not particularly suited 
to studies concerned with management of irrigation water 
during the season, where the ability to make estimates of the 
follow-on effects of the daily decisions about water management 
are required. 
6.3.5 Type 4 Models: That Simulate the Physical 
and Biological Relationships of Importance 
The distinction between studies included in this 
category and those in the previous category should be made 
clear. There are two essential features that distinguish the 
models reviewed below: a rational accounting of periodic 
(usually daily) soil moisture levels, and a method of relating 
these estimates to growth parameters so that an index of plant 
growth can be derived. This approach allows the integration 
of the physical and physiological factors of importance in a 
simulation of crop growth and development. The hierachy of 
complexity within Type 4 Models is determined by the complexity 
of the plant growth index used. 
Flinn and Musgrave (1967) described the development 
of a plant-soil moisture simulation model that had the following 
features: (1) the model uses estimates of soil moisture, atmos-
pheric conditions and stage of crop growth to ensure a reliable 
estimate of actual evapotranspiration; (2) the index of plant 
growth is dependent on the relationship between actual and potent-
ial evapotranspiration, and so relates days of actual growth to 
the number of days in the irrigation cycle; and (3) actual 
daily atmospheric and soil moisture conditions are identified 
so the model approaches reality, as opposed to the more static 
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analyses employed in the past. 
The index of plant growth used by Flinn and Mus-
grave (1967) comes from an assumed bioiogical relationship 
between potential and actual evapotranspiration and growth. 
Based on the work of Dennead and Shaw (1962) and Dale and 
Shaw (1965), the authors postulate that net growth occurs on 
any day when evapotranspiration is not limited by soil dry-
ness, that is, that atmospheric demands alone control actual 
evapotranspiration. The index of plant growth is obtained 
by relating the number of days of actual growth to the number 
of days in a time period or growth stage. This study was 
concerned with a "hypothetical crop" for the purposes of 
elucidating an optimisation procedure based on the simulation 
modelling and a dynamic programming algorithm . 
. The "growth no growth" assumption of the Flinn 
and Musgrave study was also used by Sorrenson (1977a) in a 
model of maize dry matter production at Palmerston North in 
the North Island of New Zealand. Sorrenson had little yield 
data to validate his formulation of a maize growth model, but 
demonstrated that the model overestimated the actual silage 
yield from a maize crop by 6 per cent in one season (1972/73) 
using data supplied by Manalda and Kerr (1973). 
Ritqhie (1976) used a similar approach but incor-
porated proportional yield reductions for modelling the grain 
yield of wheat at the Winchmore Irrigation Research Station in 
the South Island. The approach taken in the model adopted 
has some interesting features. A plateau yield for the wheat 
crop was adopted, based on experimental yields under 'normal 
management conditions'. Based on glasshouse studies (Dougherty, 
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1973) after Langer and Ampong (1970)) conducted at Lincoln 
College, a table of relative yield reduction due to moisture 
stress at various growth stages was available. This in-
formation, in conjunction with a soil moisture simulation, 
was used to reduce the yield from the plateau yield in each 
year of the simulation, so as to make estimates of actual 
yield. Ritchie used data on wheat yield at Winchmore sup-
plied by Drewitt, consisting of 18 different treatments over 
si.x years, to validate the model. 
In contrast to the relatively simple (but per-
haps satisfactorily effective) biological relationships assumed 
in the three studies reviewed above, considerably more complex 
relationships can be modelled. A model dealing in more de-
t'ail with the physical and physiological factors was used by 
Ahmed and van Bavel (1976) in a simulation study aimed at the 
optimisation of a crop irrigation strategy under a stochastic 
weather regime. The simulation model consisted of a linkage 
/ 
of sub-models that described root development, root zone water 
balance, the layered canopy sub-system, a leaf-area-index growth 
model, a stomatal action leaf model, and generated a daily 
e:stimate of the Stress-Day Index of Hiler and Clark (1971), 
which gave final yield estimates. The i'nput data to the model 
came from a stochastic weather generation pattern that produced 
4'-hourly values of rainfall, air temperature and humidity, wind 
speed, sky cover and radiation (Ahmed and van Bavel,1976). In 
this study, the sUb-system models were developed from experimental 
data where they were available, but the synthesis was theoretical, 
and no validation was presented. A contribution claimed for the 
study was that it provided valuable information for which experi-
mental field verification could be sought, a 'difficult, if not 
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impossible' task without the systems approach used in the model 
(Ahmed and van Bavel, 1976). This study represented a modelling 
approach which aimed at an understanding of the nature of the 
response of the crop to irrigation strategies, without specific 
concern as to the reliability of the final predictions. 
Despite the importance of forage crops to New 
Zealand farming systems, attempts to model dry matter product-
ion from the dominant forage crops has been relatively recent. 
Wright and Baars (1976) described a relatively 
simple "daily simulation model for estimating the production 
from a perennial ryegrass/white clover pasture in the Waikato 
region of the North Island of New Zealand. The key agronomic 
relationship in the model is a series of month-specific growth 
rates curves which relate the potential growth rate to the 
level of pasture dry matter present on any day in the month. 
The estimated daily growth rate is obtained by multiplying the 
potential daily growth rate by the relative transpiration ratio 
for the day (actual to potential evapotranspiration ratio), and 
by a temperature factor. Sorrenson (1977a) used the relation-
ships of Wright and Baars (1976) in a simulation-linear pro-
gramming study of the economics of a water harvesting system 
in the Waikato region. Ritchie (1976) used a similar approach 
in simulating daily lucerne growth in Canterbury, using monthly 
growth curves developed from lucerne plot experiments. The 
three studies referred to above indicated that no experimental 
or theoretical validation was apparent for using the relative 
transpiration ratio to estimate actual pasture growth rates from 
potential rates, but the reasonableness of the models as judged 
by their ability to mimic recorded pasture and lucerne growth 
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was demonstrated in the publications reviewed. 
A comprehensive documentation of a computer simu-
lation model for pasture production in Canterbury, New Zealand, 
was recently published (Fick, 1978). This model used pub-
lished physiological information to model important features of 
growth and development of pasture. Growth, harvest and death 
af green herbage, harvest and decay of dead herbage, and total 
d'i,gestibility of fodder available for grazing were included in 
the model output. The soil moisture model which drives the 
biological model was similar to that used by Ritchie (1976), 
who validated its ability to predict soil moisture in the Can-
terbury environment·. Some of the relationships of Fick (1978) 
were used in the pasture modelling in this thesis and are dis-
cussed in detail in the next section. 
The publications reviewed above illustrate the es-
sential features of Type 4 Models. The common feature is that 
plant growth is modelled continuously (usually daily, but in the 
case of Ahme.d and van Bavel (1976), 4-hourly), and that a bio-
logical relationship is assumed between the water-influenced 
plant environment (e.g., actual evapotranspiration) and growth. 
This relationship can be relatively complex (Ahmed and van Bavel, 
I976; Fick, 1978) or simple (Flinn and Musgrave, 1967; Sorren-
son, 1977a) Ritchie, 1976). In any case, all rodels are capable 
o'f being used to assess the implications of water management 
strategies during the growth period (either in a simulation 
study using historical weather data, or using real-time data 
for current management purposes) . As models increase in com-
plexity, so do data requirements for validation. In a project 
situation, the necessary data will not generally be available 
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for models of this type. With further development based on 
expanded field research programs, such models offer the pros-
pect of more accurate prediction of the effects of water (and 
other important parameters) on crop yield. 
6.4 SELECTION AND TESTING OF CROP YIELD ALGORITHMS FOR 
USE IN THE APPLICATION OF THE SYSTEMS MODEL TO THE 
GLENMARK SCHEME 
6.4.1 General 
(a) Requipements of the Atgopithms 
There are many methods available to relate the 
output of soil moisture simulation to crop yield, if sufficient 
data are available, as evidenced by the review given previously. 
It was demonstrated that the more sophisticated models require 
a good deal of site-specific soil, climate and crop physio-
logical data. For the purposes of this, study, it must be 
assumed that very little irrigated yield data will be available 
from project areas where developments are being investigated, 
and that climate data may be restricted to daily recordings of 
rainfall and temperature. In the absence of crop yield data 
from the project area, the factors that have guided' the select-
ion of the functions described in the following sections are: 
(i) Only end-of-season yields are required for 
the design exercise, which limits the complexity of the relat-
ionships necessary; 
(ii) All of the functions selected must produce 
yield values that have similar statistics to recorded yield in-
formation for the locality or to considered judgements by 
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trained agriculturalists about production levels; and 
(iii) The form of the functions used should 
take account of the present level of knowledge of the response 
of crops to moisture deficit, especially in the New Zealand 
environment. 
(b) Testing of the AZgorithms 
According to Anderson (1974), various stages can 
be identified in the application of simulation techniques to 
problems in agricultural development. Once particular model 
algorithms have been formulated and incorporated in a computer 
program, a stage of "model checking" is reached in the simulat-
ion study. Two aspects are involved, verification and valid-
ation. Anderson (1974) states that verification 'ensures 
that the (model) behaviour accords with knowledge gleaned in 
system analysis, synthesis (previous stages), and with common 
sense' . Successful verification is then followed by model 
validation, in which the ability of the model to mimic the 
real-world situation is assessed. 
I 
Ideally, suitability should be assessed along 
the formal paths of verification and validation described above, 
which would be a test of the crop yield algorithms in their own 
right. As indicated previously, however, there are insuffic-
ient data on the response of the crops studied to formally test 
crop yield predic~ions under dryland and irrigated conditions 
for the Glenmark area. 
The suitability of the crop yield algorithms can 
be looked at from the point of view of their influence on the 
outcome of the total system simulation. As far as the design 
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process is concerned, there are two aspects that are of particu-
lar importance: 
(i) The ranking of the engineering design options, 
according to the economic objective functions selected, should 
be correct regardless of the absolute accuracy of crop yield 
predictions. It is reasonable to assume that if the crop 
yield estimates are compatible with recorded data for both 
irrigated and dryland situations, they should be stable enough 
in the region between these situations to correctly reflect the 
relative performance of the engineering design options. This 
assumption is made more reasonable if the physiological aspects 
have been adequately simulated in the algorithms. 
(ii) The absolute values assigned to the economic 
measures of success, as a result of the simulation study, should 
be conservative, if accuracy cannot be guaranteed. In regard 
to this aspect, the algorithms should deliberately under-
estimate irrigated yield and overestimate dryland yield. It 
is understood that the total effect of any deliberate bias of 
this nature should be small. 
(c) Dpyland and Plateau Yields from the Cpop 
Yield Algorithms 
The total system model was run for the historical 
period 1931-1975 (45 years) in the dryland and irrigated mode. 
The dryland mode suppressed any irrigation applications in the 
simulation, but was identical to the main model operation in 
all other respects. Plateau yields, defined previously (Sect~ 
ion' 5.1) as crop yields produced when the supply of irrigation 
water is unlimited, were obtained by running the model for one 
farm with each of the crop rotation modules, allowing irrigation 
la2 
applications as required by the irrigation decision rules in-
corporated in the model of the water demand sub-system (Chap-
ter Five) . 
6.4.2 Cereals 
(a) Winter-Sown Wheat 
(i) Crop Yield Algorithm: The relationship 
proposed by Drewitt and Rickard (1971) for winter-sown wheat, 
and reviewed in Section 6.3, was: 
Y = 4772 - 53.1 * Xa 
where Y is the final grain yield (kg/ha) and Xa is the 
calculated average soil moisture deficit over 
booting/heading/flowering (rom). 
6.9 
This relationship was developed from IAotea l 
wheat yield data at Winchmore, and it was considered to be a 
reasonable approach to use for the winter wheat algorithm in 
the design model. The constants in this regression equation 
were calculated from actual yield and simulated average soil 
moisture deficit figures, and some consideration of what in-
fluence this simulation might have on adoption in another area 
is useful. 
The value of a deficit-parameter like Xa in 
equation 6.9 calculated from a soil moisture simulation is in-
fluenced not only by the estimates of potential evapotranspirat-
ion (based on Thornthwaite (1948) in this thesis, as was the 
calculations of Drewitt and Rickard (1971)), but also on the 
method of calculating actual evapotranspiration included in the 
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water demand sub-model (see Section 5.2.3). Model calculations 
of deficit are similar to those used by Ritchie (1976) in a 
successful reproduction of soil moisture recordings at Winch-
more. It is reasonable to assume, therefore, that equation 6.9 
may be directly applicable to the Glenmark area, so long as the 
influences of different rainfall and potential evapotranspirat-
ion rates are accounted for. 
this explicitly. 
The soil moisture model does 
Further information was available from experienced 
farm advisors in the area. Attainable yields under 
typical farm management conditions with an optimum soil moisture 
regime were estimated by Plank and Heiler (1977) to be 3900 kg/ha 
(expected value), and by Kent (pers. comm.) to be between 4600 
kg/ha and 5300 kg/ha (maximum yield). 
On the basis of the above evidence, no firm com-
mittment to the specific form of the Drewitt and Rickard (1971) 
relationship seemed justified, although it was considered to be 
of a suitable form, and a version incorporating rounded constant 
values in the regression equation was proposed to admit to this 
uncertainty, as follows: 
WWYD = 5000 - 53.0 * ADEF 6.10 
where WWYD is the final grain yield (kg/ha) and 
ADEF is the calculated average soil moiture deficit 
for the month of November (mm). 
The model assumes fixed date(s) for the identifi-
cation of stages of growth for particular crops (see Section· 
5.3.4) and work by Drewitt and Rickard (1971) and Drewitt (1974) 
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suggests that November average soil moisture deficit values are 
a reasonable approximation to those over the booting/heading/ 
flowering stages of growth. 
The algorithm of equation 6.10 was also used for 
dryland yield estimates, and the results of the tests carried 
out for both dryland and irrigated yield predictions are given 
in the next section. 
(i) Testing: Table 6.2 lists the model yield 
estimates and unpublished yield data from Winchmore. 
Table 6.2: Winter Wheat Yield Information 
Source Irrigated Yield (kg/ha) Non-Irriaated Yield (kg/ha) Mean Std. Dev. Range Mean Std. Dev. Range 
. 
Winchmore 
datal 3844 548 2712 706 
(9 years) 
Model 
estimates 3856 332 3294-4605 2265 1112 877-4495 
(45 years) 
Note 1: Rickard, D.S. (pers. comm.). Unpublished data supplied courtesy 
of Research Division, Ministry of Agriculture and Fisheries. 
The estimates produced by the model are similar to 
the recorded yield statistics from Winchrnore, both for dryland 
and irrigated treatments, despite the different time periods 
used in their derivation (45 years c.f. 9 years). The expected 
yield estimate of the model is close to that of Plank and Heiler 
(1977) (3856 c.f. 3900), and the maximum yield estimate (4605 
kg/hal agrees with the lower limit of the range suggested by 
Kent (pers. corom.) as applicable to the study area. 
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Farm yield data (dryland 'Aotea
'
) were available 
from the property of M.r Whyte in the scheme area for a number 
of years of the simulation period. These data, together with 
the model dryland estimates for the corresponding seasons, are 
shown in Table 6.3. The difficulties' in using farm yield 
data in developing or testing yield algorithms is illustrated 
by the data in Figure 6.4, which shows farm yields of wheat 
varieties for years when more than one paddock was sown in the 
same crop. 
Table 6.3: Farm Yield and Model Yields (Non-Irrigated) for 
Winter Wheat 
Year Farm Yield (kg/ha) Dry1and Model (kg/ha) (A.E. Whyte) Yield 
59/60 3515 2674 
60/61 2425 1280 
62/63 2151 1406 
64/65 1099 1690 
66/67 3517 2961 
68/69 2570 3261 
70/71 2030 2086 
72/73 1394 1108 
74/75 2423 3172 
75/76 3417 4387 
76/77 
Mean: 2454 2402 
Std. Dev.: 845 1064 
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Table 6.4: Variation in Farm Wheat Yields Within Years 
Year Wheat Planting Harvest Previous Yield Variety Crop kg/ha 
1942/43 X7 May January Grass 2560 
X7 May January Grass 2011 
1943/44 X7 May January Grass 2976 
X7 May January Grass 2319 
, 
1944/45 X7 April February Grass 3251 
X7 May January Grass 2587 
1959/60 Aotea May January Grass 3391 
Aotea May January Grass 3639 
1960/61 Aotea May January Grass 2426 
Aotea May January Grass 2681 
Aotea May January Grass 2178 
1968/69 Aotea June January Grass 2815 
kJtea July January Grass 2326 
1974/75 Aotea June February Grass 2500 
Aotea June February Grass 2346 
1976/77 Aotea May February Grass 3599 
kJtea May February Wheat 4913 
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(b) Spring-Sown Wheat 
(i) Crop Yield Algorithm: The work of Dougherty 
et at. (1975) indicates that spring-sown wheat yields will be 
generally less than winter-sown wheat yields for the same cuI ti va,rs • 
The relationship proposed in the Glenmark model to reflect this 
effect was 
SWYD = 5000 - 62.5 * ADEF 6.12 
where SWYD = final grain yield (kg/ha) 
ADEF = calculated average soil moisture deficit for the 
month of November (rom) • 
(ii) Testing: Yield data for the newer spring 
wheat varieties under irrigation have not been widely published 
as yet. Many seasons data will be required to characterise 
their response with respect to water stress in the Canterbury 
environment. Table 6.5 shows the plateau and dry1and yield 
estimates from the model, together with unpublished Winchmore 
data. 
Table 6.5: Spring Wheat Yield Information 
Source Irrigated Yield (kg/ha) Non-Irrigated Yield (kg/ha) Mean Std. Dev. Range Mean Std. Dev. Range 
Winchmore 
datal 3970 591 2782 764 
(6 years) 
Model 
estimates 3153 619 2368-4352 2150 1209 228-4352 
(45 years) 
Note 1: Rickard, D.S. (pers. comm.). Unpublished data supplied courtesy 
Research Division, Ministry of Agriculture and Fisheries. 
Very little can be deduced as to the suitability of 
the spring wheat algorithm from Table 6.5, except that the 
recorded yield data for Winchmore lie within the range of the 
188 
yield estimate generated by the model. 
However, a comparison between the model estimates 
for spring wheat (Table 6.5) and winter wheat (Table 6.3) is 
more revealing. The expect~d yield values show an increase of 
22 per cent for winter wheat yields over spring wheat yields, 
which is in quantitative accord with the observation that 
spring-sown wheat should yield less than winter-sown wheat, 
made by Dougherty et aZ. (1975). 
(c) BarZey 
(i) Crop Yield Algorithm: Less information is 
available for irrigated barley yields in New Zealand than for 
wheat. Salter and Goode (1967) reported that the physiological 
response is of a similar kind to wheat. 
in the Glenmark model was: 
The relationship used 
BAYD = 6000 - 75.0 * ADEF 
where BAYD = final grain yield (kg/ha) 
ADEF = calculated average soil moisture deficit for 
the month of November (mm). 
6.13 
(ii) Testing: Despite the relatively large 
areas sown to barley in New Zealand (6800 ha in 1970/71), ex-
periments related to the responses of barley to water stres~ 
have been few. Table 6.6 lists th~ dryland and plateau yield 
data from the model together with results of experiments re-
ported (Thompson and Smart, 1974). 
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Table 6.6: Barley Yield Information 
Source Irrigated yield (kg/ha) Non-Irrigated Yield (kg/ha) Mean Std. Dev. Range Mean Std. Dev. Range 
WinchlItore 
datal 
1972/73 37102 - - - - -
1972/73 4880 3 
- - - - -
1972/73 5140'" - - - - -
1973/74 4050 5 - - 2280 - -
1973/74 4510 6 - - - - -
Thompson 
and Smart 
(1974) 
Aver. 
72/73, 
3130 7 73/74 2180 - -
2910 8 
-
- -
4020 9 
- - -
Model 4079 644 3250-5326 3036 1258 1037-5326 
estimates 
(45 
years) 
Notes: 1 Drewitt, E.G. (pers. comm.). Unpublished data supplied courtesy 
Research Division, Ministry of Agriculture and Fisheries. 
2 Irrigated at shooting. 
3 Irrigated at shooting and milk stage. 
"',Irrigated at shooting, ear emergence and milk stage. 
5 Irrigated each time SM fell to PWP (shooting and dough stages)· 
6 Irrigated each time SM fell to 50% Awe (shooting, boot and milk) . 
7 Irrigated at shooting. 
8 Irrigated after ear emergence. 
9 ,Irrigated at shooting and after ear emergence. 
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The expected barley yield estimated by Plank and 
Heiler (1977) for the Glenmark Scheme was 4100 kg/ha, and the 
maximum yields for the district were estimated by Kent (pers. 
oorom.) to be in the range 5300 to 6600 kg/ha. 
The mean yields produced by the model over a 45 
year simulation period are similar to those recorded in specific 
experiments as shown in Table 6.6. All yields recorded lie 
within the range of yields produced by the model, and the ex-
pected yield agrees well with the estimate of Plank and Heiler 
(1977), whilst producing a maximum yield at the lower limit of 
the range of maximum yields suggested by Kent (pers. corom.). 
6.4.3 Seed Peas 
(a) Crop YieZd AZgorithm 
It was necessary to develop a yield relation-
ship from the limited amount of experimental data available. 
Relationships of the form: 
or 
PYLD = Kl * ONAET + K2 * DAET 
PYLD = Kl * NDAET + K2 * JAET 
were proposed, where 
PYLD = seed pea yield (kg/ha) 
Kl , K2 = experimentally derived constants 
ONAET, NDAET = calculated accumulated actual evapo-
transpiration in the months October - November -
December respectively, designed to encompass the 
pre-flowering period for a crop sown on the dates 
1 October and 1 November respectively (rom). 
6.14 
6.15 
DAET, JAET = calculated accumulated actual evapotrans-
piration for December and January respectively, for 
the respective planting dates listed above (rnm). 
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The study of Anderson and White (1974) gave details 
of the seed yield of 'Victory Freezer' peas at Lincoln College 
during the 1970/71 season. Effectively two treatments resulted 
from this experiment, one in which water stress was encouraged 
at flowering and pod-swelling (by use of rain shelters), and the 
other in which soil moisture levels were kept close to field 
capacity during these stages. The trial was carried out at 
five sowing rates, and the mean seed pea yields for the experi-
ment were used in the calculations described below. 
The soil moisture model was operated for the grow-
ing season climatic data, using the rainfall and irrigation 
details listed by Anderson and White (1974). Potential evapo-
transpiration was calculated for Lincoln by Thornthwaite as 
described in Section 5.2.3. The maximum available soil water 
capacity (AWC) was set at 80 rnm (the value used for the Glenmark 
simulation) and the crop factors (F) used applied to the crop 
rotation module (NUM = 20) for a planting date of 1 October were 
applied. (The crop grown in the Anderson et at. experiment was 
sown on 14 October and harvested on 31 December for the non-
irrigated trial and on 5 January for the irrigated trial). 
Actual evapotranspiration was calculated for both trials from 
the sowing date to flowering (12 December) and from flowering 
to harvest. 
The estimated actual evapotranspiration from sowing 
to flowering for both trials was the same (72.87 rnm) and for the 
post flowering period was 18.27 and 49.19 rnm for the non-irrigated 
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and irrigated trials respectively. Solving for Kl and K2 under 
these conditions gave Kl = 21.58 and K2 = 45.27, yielding Kl /K 2 
approximately equal to ~. 
The sowing data options for the garden pea crop 
rotation modules described in Section 5.3.4 cater for sowing 
dates on the first day of the months August - November. In 
applying the derived relationship (i.e. using Kl and K2 as cal-
culated) yields were produced for the Glenmark study that were 
greater than the plateau yield suggested by farm management 
advisory personnel (Plank and Heiler, 1977; Kent, pers. comrn.). 
The values of Kl and K2 were therefore scaled to preserve the 
Kl /K 2 ratio as originally calculated, but to keep the maximum 
yields close to the plateau yield value set. The final equat-
tons hence derived were: 
PYLD = 12.6 * ONAET + 25.2 * DAEI 6.16 
and PYLD = 12.6 * NDAET + 25.2 * JAET 6.17 
(b) Testing 
Table 6.7 lists the dryland and plateau yields 
produced by the model, together with recorded yield data under 
dryland and irrigated conditions. 
Plank and Heiler (1977) estimated the expected seed 
per yield under irrigatton in the Glenmark Scheme to be 3300 
kg/ha, understandably close to the model results, as the ad-
justed Kl and K2 values were based on this estimate. The model 
results are also in general agreement with the recorded yield 
data in Table 6.7, producing estimates somewhat less than those 
suggested by Ministry of. Agriculture and Fisheries (1978h). 
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Table 6.7: Seed Pea Yield Information 
Source Irrigated Yield (kg/ha) Non-Irrigated Yield (kg/ha) Mean Std. Dev. Range Mean Std. Dev. Range 
Stoker 
(1975) 3350 1 
- - 1870 - -
1973/74 4000 2 - -
Av. 8 
sowing 
rates 
Ministry 4000 - 3000-5000 - -
of Ag. 
and 
Fisher-
ies 
(1978h) 
Ariderson & 3790 3 - - 2410 - -
White 
(1974) 
Model 3292 283 2086-3093 2736 441 1596-3438 
estimates 
(45 years) 
Notes: 1 No irrigation' vegetative stage; irrigated at 25% Awe from 
flowering to maturity. 
2 Irrigated at 25% in vegetative stage; at 50% Awe from 
flowering to maturity. 
3 Irrigated at flowering and pod swelling. 
6.4.4 Small Seed Crops 
(a) Crop Yield Algorithm 
The general approach taken to develop the functions 
used in the model has been to: 
(i) adopt a plateau yield for each crop (kg/ha), 
(ii) assume that the plateau yield is made up of a potential 
daily yield increment (kg/ha/day) spread over a 90 day 
period, and 
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(iii) to calculate an actual daily yield increment dependent 
on the stage of g~wth (vegetative, flowering and post-
flowering) and the soil moisture level on each day in 
each stage. 
Based on the physiological aspects described in 
the previous section, two functional relationships were postu-
lated, which were applied specifically to each crop in each of 
three thirty-day periods assumed to correspond to the vegetat-
ive, flowering and post-flowering stages described previously. 
Two functional relationships between an index of 
crop growth (actual yield/potential yield) and an index of 
soil moisture status (actual soil moisture/available soil moist-
ure) are shown in Figure 6.2. 
For white clover, the function represented by 
Figure 6.2(a) was applied to the first and last growth stages, 
and Figure 6.2(b) to the second or middle growth stage. 
For ryegrass, the function represented by Figure 
6.2(a) was applied to the first and second growth stages, and 
Figure 6.2(b) to the last growth stage. 
These functions are an attempt to quantify the 
general understanding of the physiological aspects described in 
the previous section. 
Plank and Heiler (1977) estimated the expected 
white clover seed yield under irrigation in the Glenmark Scheme 
area to be 380 kg/ha. Because of the high level of management 
skills necessary for successful white clover production, esti-
mates of expected yields became almost a matter of opinion, in-
fluenced by the estimator's assessment of the level of manage-
ment skills available, as well as some subjective accommodation 
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Figure 6.2: Yield reduction factors in seed crop yield 
algorithm related to daily soil moisture 
levels. 
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of the effects of climate on year to year variation in yield. 
Records of irrigated yield of white clover seed on heavy and 
light soils ranging from 250 to 850 kg/ha (average 500 kg/hal 
are reported by Ministry of Agriculture and Fisheries (1978c). 
In order to make the economic comparisons of design performance 
between the traditional methods (Plank and Heiler, 1977) and 
simulation methods , it was considered realistic to adopt a 
yield algorithm which p~duced an expected yield for the 45 
years of simulation similar to the estimate of Plank and Heiler 
(380 kg/hal. A plateau yield of 406 kg/ha was adopted, giving 
a daily potential yield measurement of 4.51 kg/ha over the 90 
day period for which yield was accumulated. The final function-
al algorithm for white clover seed yield was therefore 
WYCD = 4.51 * (1.0 - WCYRF) 
where WCYD = actual white clover seed yield increment on 
each day (kg/ha) 
WCYRF = index of actual/potential yield obtained from 
Figures 6.2(a) or (b) as described previously. 
6.18 
The corresponding estimate of Plank and Heiler 
(1977) for expected ryegrass seed yield was 880 kg/ha. Min-
istry of Agriculture and Fisheries (1978d) record a range of 
ryegrass yields under irrigation from 780 - 2250 kg/ha (average 
1000 kg/hal. Again, it was necessary to constrain the model 
expected ryegrass yields to around 880 kg/ha, and a plateau 
yield of 936 kg/ha was adopted, equivalent to a potential daily 
yield increment of 10.40 kg/ha for the 90 day period for which 
yield was accumulated. The final functional algorithm for 
ryegrass seed yield was therefore: 
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RGYD = 10. 40 * ( 1. 0 - RGYRF ) 
where RGYD = actual ryegrass seed yield increment on 
each day (kg/ha) 
RGYRF = index of actual/potential yield obtained 
from Figures 6.2 (a) and (b) as described 
previously. 
(b) Testing 
6.19 
The sole source of published material for ryegrass 
and white clover seed yields found during this study consisted 
of recommendations as to husbandry and irrigation management, 
and estimates of yields obtained from farmer experience, pre-
pared by Ministry of Agriculture and Fisheries (1978c, d). 
These estimates, together with the dryland and plateau yields 
generated by the model, are given in Table 6.8. 
Table 6.8: Small Seed Yield Information 
Irrigated Non-Irrigated 
Source Yield (kg/ha) Yield (kg/ha) 
Mean Std. Dev. Range Mean Std. Dev. Range 
White Clover 
Ministry of Agric. & 
Fisheries (1978c) 500 
-
250-850 300 - 120-165 
Model estimates 
(45 years) 380 15 346-407 317 60 199-398 
Ryegrass 
Ministry of Agric. & 
Fisheries (1978d) 1000 
-
780-1800 550 - 0-900 
Model estimates 
(45 years) 880 39 797-939 727 147 414-917 
The form of the yield algorithms for small seeds 
restricts very high yields and does not account for adverse en-
vironmental conditions (e.g. wind damage) that results in very 
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low yields, even under irrigation. Considerable work is re-
quired if the information necessary to accurately predict year-
to year variation in small seed yields is to be forthcoming. 
The yield algorithms used are, at best a crude approximation 
to reality, but should result in underestimates of irrigated 
income from these crops in the economic analyses, in accordance 
with the philosophy described in Section 6.4.1. 
6.4.5 Forage Crops 
(a) GeneraZ 
The material produced by pasture plants and other 
forage crops is either mechanically harvested or grazed by 
animals. The ultimate aim of any functional prediction of dry 
matter production from such sources in the model, is to estimate 
how many stock units could be supported by the dry matter pro-
duction, and hence assign it a money value. Therefore, an 
animal component and a grazing component are involved, at least 
I 
in principle. The detailed inclusion of these aspects is 
clearly outside the scope of this thesis, so that the dry matter 
production estimates sought are ones that take some account of 
the conversion of the actual dry matter production into animal 
products in a typical management situation. The approach taken 
is to deliberately underestimate dry matter production as a basis 
"for expressing it in equivalent grazing animal terms. Whilst 
not accurate, it is deliberately conservative. 
(b) Pasture 
(i) Crop Yield Algorithm: For each day of the 
simulation where pasture is involved, the potential daily in-
crement of dry matter is taken to be equal to the average figures 
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given by Rickard (1972) listed in Table 6.9. The actual 
daily dry matter production is reduced if the soil moisture for 
that day is less than 0.6 of the total available soil moisture, 
according to the relationship used by Fick (1978) and taken 
from the results of Garwood and Williams (1967). 
Table 6.9: Average OM Production for Irrigated Pasture at 
Winchmore (after Rickard, 1972). 
Month J J A S 0 N D J F M A 
Daily 
DM 6.3 5.0 7.6 27.1 41.9 43.0 47.6 48.9 43.9 34.2 21.6 
(kg/ha/ 
day) 
Average Annual Total = 10434 kg OM/annum' 
The relationship is: 
POM = OMYLO * WP 
where PDM is the actual OM produced (kg/ha) on each day of 
the simulation. 
OMYLO is the potential OM (kg/ha) based on average 
values for the month, after Rickard (1972). 
WP is the ratio actual/potential yield according to 
Figure 6.3. The seasonal total of OM is the 
accumulation of each of the daily estimates. 
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Figure 6.3: Yield reduction factor for pasture and 
green feed dry matter related to daily soil 
moisture levels. 
(ii) Testing: The response of pasture to 
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irrigation has been studied since 1950 and before at Winchmore 
(Rickard, 1972), and has recently been the subject of a de-
tailed computer simulation study by Fick (1978), who incor-
porated a good deal of the prior studies on New Zealand grass-
land physiology. Table 6.10 lists the plateau and dryland 
yields from the yield algorithm used in this study, together 
with a selection of pertinent pasture yield data for irrigated 
and dryland conditions. 
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Table 6.10: Pasture Yield Information 
Source Irrigated Yield (kg/ha) Non-Irrigated Yield (kg/ha) Mean Std. Dev. Range Mean Std. Dev. Range 
Winchmore 
datal 11688 1237 6300 1717 
(27 years) 
Model 
estimates 9468 286 8907-10077 6523 1497 4144-10077 
(45 years) 
Note: Rickard, D.S. (pers. comm.). Data supplied courtesy 
Research Division, Ministry of Agriculture and Fisheries. 
The information in Table 6.10 shows that the 
yield algorithm used for pasture underestimates the dry matter 
production from irrigated pasture and probably overestimates 
the dry matter production under dryland conditions. 
In terms of the performance of the yield al-
gorithms in the simulation study, the effect will be conservat-
ive in the irrigated scenarios (by underestimating total dry 
matter and hence its equivalent in animal terms) and to reason-
ably mimic the production levels (but slightly overestimate) 
and variability under dryland conditions, giving an overall con-
servative result to before-and-after studies. This is espec-
ially important, as the dryland or pre-irrigation farming systems 
have relatively more area devoted to pasture production than is 
the case in the irrigated situation. 
(c) Greenfeed 
(i) Crop Yield Algorithm: A similar approach 
has been taken to the estimates of dry matter produced by the 
greenfeed crop. It has been assumed that a 4-month period is 
involved in green feed yield determination, February-May inclus-
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iv'e. Potential yields associated with each day in each month 
are assumed to be 20, 30, 35 and 35 kg/ha for the respective 
months. These potential production estimates correspond to a 
plateau yield of 3625 kgDM/ha for the green feed crop. 
For each day of the simulation, the actual 
greenfeed production is estimated by the relationship 
GFDM = GF * WG 
where GFDMis the actual daily DM accumulation (kg/ha/day) 
GF is the potential DM accumulation depending on the 
month (kg/ha/day) 
WG is the ratio actual/potential yield from Figure 6.3. 
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(ii) Testing: Douglas (1978) recently reviewed 
the yield of forage crops in New Zealand, and specifically re-
ferred to the absence of information on the effect of irrigation 
or crop yield. The green feed forage crop assumed in the model 
is an artificial crop possessing characteristics between soft 
turnips and Tama ryegrass, although the dry matter production 
from a range of grass and cereal greenfeeds is not dissimilar. 
Whilst the husbandry of green feed production for forage purposes 
is well understood in New Zealand, the information necessary to 
functionalise productive yield relationships is sparse. Table 
6.11 lists the plateau and dryland yield from the greenfeed pro-
duction algorithm used in the model, together with yield data 
for soft turnips and Tama ryegrass forage crops in Canterbury, 
taken from Douglas (1978). 
The dryland yield estimates for the green feed 
crop have a lower mean value than the range of yields reported 
in Douglas (1978), although the variability is similar. The 
statistics of the model estimates are closer to the limited 
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sample of data for Tama ryegrass yields. Estimates of green-
feed production vary considerably. Dry matter production for 
green feed oats at Lincoln is estimated to be 3500 kg/ha (Lincoln 
College, 1978), whilst production figures for cereal green feeds 
over several seasons at Kirwee ranged from 200-3800 kgDM/ha when 
harvested in June and July ~inco1n College, 1978). The 
estimates generated by the greenfeed production algorithm are 
thus similar to those yield data for a range of green feed crops 
in the Canterbury environment. 
Table 6.11: Greenfeed Yield Information 
Yield Information 
Mean std. Dev. Range 
Crop Daily Daily Daily Reference kgDM/ha 
rate kgDM/ha rate kgDM/ha rate 
Soft 
Turnips 
(Data) 
4297 35.8 1271 10.6 2971-3643 24.7-30.2 Note 1 Dryland (8 values) 
Tama 
Ryegrass 
(Data) 
Dryland 2462 20.5 1104 9.2 1296-4032 10.8-33.6 Note 2 (7 values) 
I- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ------
Artificial 
Crop 
(Model) 
Irrigated 3400 28.3 193 1.6 2971-3643 27.7-30.3 Model 
(45 yrs) 
Dryland 2550 21.2 1024 8.5 491-3622 4.1-30.2 Model 
(45 yrs) 
Note 1: Douglas (1978): Table 7, 8 values adjusted to 120 day growing 
season for Canterbury crops. 
Note 2: Douglas (1978): Table 13, 7 values adjusted to 120 day growing 
season for Canterbury crops. 
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6 . 5 SUr-1MARY 
The background material presented in this chapter 
(Sections 6.2 and 6.3) gives the physiological basis for the 
functional forms used in the crop yield algorithms of Section 
6.4, and reviews attempts by other workers to model crop yield. 
It was shown that many approaches have been successful in 
developing predictive models of crop yield based on the out-
put of soil moisture simulation models, but that their data 
requirements are unlikely to be met for the range of crops and 
localities realistically appropriate to the project design 
situation. Recourse to engineering pragmatism was used in 
the preamble to Section 6.4, to identify the essential require-
ments of crop yield algorithms for use in the design model, and 
for establishing a basis for testing the crop yield estimates 
that was suitable for the purposes of the design exercise. 
The results of the work are less than satisfactory, but rep-
resent the current level of predictive ability for many of the 
crops involved in the study. 
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CHAPTER SEVEN 
MODELLING OF ECONOMIC RESPONSE 
7.1 INTRODUCTION 
Some of the response variables '. R, in the equation 
R = f(X,Y) must be measures of the economic performance of 
each engineering design option. The measures of economic 
performance produced by the systems simulation model in a pro-
ject application must also be compatible with the requirements 
of the agencies involved with community irrigation development 
in ,New Zealand. One objective of this chapter is to identify 
these requirements and to describe how the economic calculat-
ions carried out in the model satisfy them. 
The dynamic nature of the simulation model also provides 
the opportunity to explore other aspects of economic performance, 
such as risk and uncertainty, in addition to those prescribed 
by current regulations. The literature on this subject is ex-
tensive (Anderson, 1974) and the exploration of these aspects 
reported here is, by necessity, limited. 
The previous chapters (4, 5 and 6) have described the 
sub-models that make up part of the systems model, f, in the 
equation R =f (X-, Y) . Within the systems model series 0 f 
economic parameters to do with costs and benefits must also be 
calculated to complete the treatment of f and allow the cal-
culation of R. These are described in this chapter in general 
terms in Section 7.3 and with direct reference to Glenmark 
application in Section 7. 4. 
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The material of this chapter is presented in three major 
sections. First, a brief review of economic evaluations of 
irrigation schemes in New Zealand allows the regulatory require-
ments of the model to be identified. Also included in this 
review is a description of the problems of risk and uncertainty 
and what aspect of these problems is treated in this study. 
The second part of the chapter describes in general terms the 
calculations carried out by the model. The application of the 
model to the economic study of the Glenmark Scheme is then used 
to illustrate these calculations in more detail, although the 
presentation of the economic results is deferred to Chapters 
Eight and Nine. 
T.2 ECONOMIC EVALUATION OF IRRIGATION PROJECTS 
7.2.1 Terminology 
The techniques of cost-benefit analysis used in 
New Zealand agriculture have been documented in a publication 
of the Economics Division of the Ministry of Agriculture and 
Fisheries (Ministry of Agriculture and Fisheries, 1977), and 
the discussion which follows comes largely from that source, 
and from publications of Bell (1977) and Sorrenson (1977a, b). 
The discussion is confined to the economic evaluation of com-
munity irrigation projects in New Zealand considered from the 
national and farmer viewpoints. 
National Viewpoint economic evaluations are 
carried out using cost-benefit analysis (CBA), a "technique 
which purports to describe and quantify the social advantages 
(social benefits) and disadvantages (social costs) of a policy 
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in terms of a common monetary unit. CBA is a partial equilib-
rium technique which measures the impact of a project on part 
of the economy onlyll (Stonyer, 1977). 
Farmer Viewpoint economic evaluations involve 
financial analysis, which looks at the project from an individ-
ual's point of view, and often involves a budgeting approach. 
Both points of view are of importance in evaluat-
ing the economic success of an irrigation scheme, but there are 
important distinctions between them. CBA is concerned with 
the profitability to the nation of all the resources devoted to 
and generated by the project, whosoever supplies or partakes of 
them. Financial analysis, on the other hand, looks at the 
return on money (or other resources expressed in monetary units) 
invested by the individual farmer (Sorrenson, 1977b). 
Economic evaluations may be IIpositive" involving 
an assessment of what farmers are likely to do, or will do, or 
IInormative", involving an assessment of what farmers can po-
tentially do, or should do (Sorrenson, 1977a). They may also 
be ex ante or ex post evaluations. The purpose of ex ante 
evaluation is to determine the future effects of present resource 
development, whereas ex post evaluation is a study of the history 
of an existing resource development project. 
7.2.2 Economic Evaluation of Irrigation Schemes In 
New Zealand 
(a) HistoricaZ Review 
A review by Sorrenson (1977a) illustrated that 
the use of CBA in New Zealand is comparatively recent. From 
1969 to 1975, only 10 of the 21 feasibility studies carried out 
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by the Ministry of Agriculture and Fisheries (MAP) used CBA. 
Another feature revealed by this review was the 
general adoption of a fixed response to irrigation water based 
on subjective assessments of dryland and irrigated potential 
in conjunction with farm survey data. Thirty-one of 33 pro-
ject evaluations carried out by MAF in the period 1952 to 1975 
used this approach. 
Of particular concern was the fact that only 2 
of the 63 MAF studies reviewed looked at more than one project 
d-esign al ternati ve. These studies used conventional CBA, with 
associated sensitivity studies involving discount rate, develop-
ment period and product price, all calculations being carried 
out manually. Sorrenson (1977a) considered that if computer 
simulation had been used in these two studies ~ore design Al-
ternatives than the six investigated could have been explored. 
Probably of more importance than the question of manual versus 
computer calculations, is the underlying reason for the lack 
of exploration of project design alternatives. In most cases, 
the engineering design preceded the economic evaluation, and 
changes to engineering design were instigated only if the results 
of the economic evaluation were unsatisfactory. This separat-
ion of engineering and economic work results from the separate 
involvement of engineers from MWD and economists from MAP in 
the investigation process. 
The work reported by Ritchie (1976), Sorrenson 
(1977a) and Bell (1977) has the potential to influence the ap-
proach to economic evaluations in New Zealand, in that the tech-
niques used represent advances on current methodology. 
Bell (1977) used the probability calculus to 
account for the effect of uncertain variables on estimates 
of economic performance of agricultural development projects. 
Analytical account was taken of estimated probability distri-
butions of uncertain variables (such as product price) , 
estimated cross-correlations between variables and auto-
correlation within variables, to calculate the variance of 
estimated economic parameters such as Net Present Value (NPV) 
and Internal Rate of Return (IRR). This approach has been 
recently (1980) adopted on a routine basis by the Economics 
Division of the Ministry of Agriculture and Fisheries, al-
though no results have yet been published. 
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The simulation studies of Ritchie (1976) and 
Sorrenson (1977a) have not yet influenced the economic eval-
uation of irrigation schemes in New Zealand, probably because 
of the management-bias in their formulation, rather than any 
objection to the use of simulation methods to elucidate the 
characteristics of the system. Both studies, however, recog-
nise the limitations associated with the assumptions of fixed 
response to irrigation water inherent in earlier studies, and 
see the use of simulation models as an aid to the resolution 
of this problem. 
(b) Selection of Economic Measures for Use 
In the Model 
Based on the foregoing review, it is clear that 
this study should be concerned with a positive ex ante evaluat-
ion using CBA, if it is to be compatible with established pro-
cedures. Shortcomings of earlier work related both to pro-
duction estimates and the separation of the engineering and 
economic aspects are avoided in this study because both 
aspects have been involved in the design of the systems 
simulation model. 
7.2.3 Risk and uncertainty 
(a) Introduotion 
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"Water resources projects are planned, designed, 
constructed, operated and modified under numerous risks and 
uncontrollable uncertainties" (Haimes et at., 1975). This 
statement applies to the real-world systems being affected by 
the project, and requires some elaboration before moving onto 
risk and uncertainty issues associated with modelling of the 
the real system. The terms risk and uncertainty refer to the 
same sort of thing, in that it is the uncertainty about issues 
that gives rise to risk. The distinction between the terms 
is based on the precision with which the probability distribut-
ion of the uncertain events can be characterised; risk refers 
to the effect of events whose probability distributions can be 
reasonably well estimated, although the occurrence of these 
events may not be predictable, whilst uncertainty refers to 
events that cannot be objectively characterised by probability 
distributions. 
Still restricting the discussion to the real 
system, rather than the model, the points made in the previous 
paragraph can be illustrated by way of example. Even if there 
were perfect knowledge of the probability distribution of 
streamflow (say), the spatial and temporal occurrence of events 
from this distribution cannot be predicted, and hence there is 
a risk associated with any forecasts of project performance 
211 
that might be made. There are aspects about the real system, 
however, that are not able to be quantified as precisely as 
streamflow. The effects of international market movements on 
the price of goods produced by the project is one example of 
the very many uncertain factors that may affect project per-
formance. Appreciating that risk and uncertainty always 
exists with the real system, issues can now be discussed in re-
lation to models of systems. 
In designing the computer design model described 
in this thesis, the boundary of the system modelled has been 
restricted to the project area itself. Certain data and 
assumptions have been made to construct the model that intro-
duce elements of risk and uncertainty additional to those 
possessed by the real system. Some o~ these factors are 
determined largely outside the system model (e.g. climate, 
costs, prices) and others are part of the model themselves 
(e.g. hydrologic, crop yield and partial budgeting sub-models). 
(b). Methods of Estimating Risk and Uncertainty 
The usual method of accommodating risk and un-
certainty is by the use of stochastic simulation models, dis-
cussed in Section 3.2.3, which involves the objective or sub-
jective estimation of probability distributions of input 
variables and data, and the sampling from these distributions 
for experiments involving many encounters with the model. 
Risk is then characterised by some measure of the variability 
of model output. Often· such studies limit the number of risk 
sources that are included. Typically rainfall is regarded as 
a stochastic variable, and other climate paramters such as 
evaporation and temperature may be also. Whereas the probab-
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ility distributions of the above variables can often be esti-
mated objectively from historical data, attempts to estimate 
the probability distributions of prices and costs rely largely 
upon subjective formulation (Bell, 1977). Separate consider-
ations may also be given to the imprecision of the process 
models used, by including a ranaomcomponent to allow for un-
explained variance. 
The problems involved in handling risk and un-
certainty in stochastic models are considerable (Section 3.2.3). 
In this study, the data base was considered unsuitable for this 
In addition, the computer cost of the large number 
of model encounters was not feasible. 
(c) Risk and Uncertainty in the ModeZ 
This thesis is concerned primarily with simulat-
ion for engineering design, and the economic techniques used 
were deliberately restricted to comply with standard practices 
of governmental agencies (Section 7.2.2). The use of a simu-
lation model, however, provides the opportunity to investigate 
the risk associated with the effects of climate, as represented 
by streamflow and irrigation demand, and this aspect was pursued 
further. 
The assumptions and constraints inherent in the 
work to be described here are as follows: 
(i) Fixed costs are used, based on detailed en-
gineering design and costing and documented costs for non-
engineering items. 
(ii) Fixed product prices are used in accordance 
with standard procedures and no account has been taken of the 
probability distributions of product price or correlations 
between commodity prices. 
(iii) The phasing of capital cost inputs and 
transition from dryland to irrigated systems involve elements 
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of the cost stream that are very important to subsequent economic 
calculations, and have been considered by looking at two 
scenarios that result in 'pessimistic' and 'optimistic' estimates 
of economic performance. 
(iv) The imprecision in the various causal re-
lationships described in the model have been ignored. In many 
cases, the degree of imprecision is unknown, but a consistent 
approach using relationships that will result in conservative 
economic estimates has been adhered to, as discussed in Section 
6.4.1. 
(vi) The cash flow estimates produced by the model 
are therefore assumed to be accurate, and the only measure of 
risk investigated is that associated with the timing of these 
cash flows, based on estimates of their probability distribut-
ions. 
With the above points in mind, the systems model 
can be regarded as a system whose output is a sequence of cash 
flows, the values of which are certain but whose temporal order-
ing is controlled by the historical ordering of the basic 
climatic variables used in the model. The risk associated with 
the model predictions of IRR and NPV then occurs because the 
ordering of net cash flows produced is only one possible sequence 
of a very large number of equally likely sequences. Quantifi-
cation of risk arising from this source for the Glenmark Scheme 
is described in Section 7.4.2. 
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7.3 ECONOMIC RESPONSE VARIABLES AND THEIR CALCULATION 
7.3.1 Introduction 
The application of CBA involves identification of 
the net cash flow associated with a project, and the calculat-
ion of IRR and NPV from this cash flow. These steps are 
described in this section in the following order. Firstly, a 
rationale for the choice of economic criteria is given for the 
projects dealt with in this study. This is followed by an 
overview which describes the sequence of calculations carried 
out within the model, omitting the details of how the net cash 
flow is calculated. The elements of the cash flow stream are 
then considered separately, as benefits and costs. Some de-
tail is given of the calculation of costs as this aspect re-
quired special treatment to suit the requirements of the computer 
simulation model. 
7.3.2 Choice of Economic Criteria 
Evaluation of an irrigation scheme involving pub-
lic sector finance provides information that allows the proposal 
to be judged relative to other possible public-sector investment 
packages. Hence, from a national viewpoint, interest is 
focussed on whether the profitability of the scheme justifies 
public sector support. In New Zealand, a minimum level of 
economic performance equivalent to an IRR of ten per cent has 
been adopted (in 1980) to separate projects in any sector into 
those which will not be carried on with and those which go for-
ward to be given relative priorities for commencement along 
with other projects, based on economic and other considerations. 
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Water harvesting projects, by their nature, are 
often the only feasible way of providing irrigation to an area. 
The design of such schemes, therefore, involves a choice between 
mutually exclusive alternatives of the same project. In such 
cases, IRR criteria are not justified as a basis for making this 
choice between alternatives, since small-size, high IRR projects 
may be favoured in comparison with larger-size, lower IRR pro-
jects that generate more wealth, and still satisfy the minimum 
IRR levels necessary for them to be "acceptable". The criterion 
used for selecting an alternative between mutually exclusive 
projects, all with an acceptable IRR, is the NPV (Ministry of 
Agriculture and Fisheries, 1977). The calculation of NPV re-
quires an interest rate (social discount rate) to be set so 
that future elements of the cash flow stream can be discounted 
back to present time. The selection of this rate has been the 
subject of considerable debate in the literature, which is out-
side the scope of this thesis. In New Zealand, the Treasury 
discount rate' of ten per cent has been' adopted (in 1980) for 
studies involving choice between mutually exclusive projects. 
In summary then, this study will be concerned with 
calculations of IRR to check on the overall profitability of the 
proposals for satisfying the principle of public ~ector support, 
and NPV to provide a basis for choice between mutually exclusive 
alternatives of the same project, such alternatives being prim-
arily concerned with engineering design options. Although the 
current interest rate preferred (at the time of writing) for NPV 
calculations was 10 per cent, the sensitivity of the NPV results 
of various design options for a range of interest rates was 
further investigated. 
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7.3.3 Method of Calculation 
The approach taken to the calculation of IRR and 
NPV is summarised in this section by reference to 'unmodified' 
and 'modified' net cash flow streams. 
The 'unmodified' net cash flow for each year of 
the simulation (or the first 'N' years of the simulation, where 
'N' represents the economic planning horizon) is calculated 
taking into account the following items: 
income under the irrigation farming system, 
income under the dryland farming system, 
all annual costs associated with the irrigation 
and dryland systems. 
This unmodified net cash flow, therefore, includes all the 
relevant items except for the capital cost inputs to the scheme 
over the development period, and an assessment of the effects 
of the transition from dryland to irrigated farming up to the 
time when full irrigation development is assumed to be estab-
lished. The unmodified net cash flow from each engineering 
design option is the basic economic output of the computer 
model, and is used for later economic calculations. 
The next step in the calculation is to combine 
the unmodified net cash flow stream with assumptions about the 
phasing of capital costs and the transition effects of the 
shift from dryland to irrigated production. This produces a 
( 
'modified' cash flow stream which is analysed by standard tech-
niques to produce values for IRR and NPV. 
7.3.4 Calculation of Income 
The calculation of gross income from the 
irrigated area involves separate treatment of dryland and 
irrigated production. 
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The land use of the area under the dryland farm-
ing system is identified by farm survey for each farm within 
the scheme. This land use is described in terms of the 
rotation modules detailed in Chapter Five. The model is run 
for the historical simulation period in the dryland mode and 
estimates of crop yield and dry matter production for each 
paddock within the area are made for each year of the simulat-
ion. These estimated production figures are converted to 
monetary units using standard product price assumptions. 
The income from each farm is expressed as gross 
income/hectare. As the dryland land use pattern on each farm 
is assumed to be the same regardless of the amount of land 
proposed for irrigation in each subsequent irrigation simulat-
ion, the corresponding dryland gross income can be obtained by 
simply multiplying each farm unit area income by the irrigated 
area on each farm. These can be summed to give an estimate of 
the scheme area dryland income in each year of the simulation. 
The dryland simulation needs to be done once only, and this in-
formation can be revised in each economic evaluation of the 
irrigation scheme. 
The calculation of gross income from the irrigat-
ion farming system is carried out in a similar fashion. The 
land use pattern under irrigation is established by farm 
management experts for each farm within the scheme, and des-
cribed in terms of rotation modules. This pattern is assumed 
to be constant regardless of the area irrigated and remains 
part of the fixed design scenario for all simulations carried 
out. The model can accept different land use options under 
irrigation, and it is anticipated that some exploration of 
this aspect would form part of any ex ante evaluation (see 
Chapter Ten); but this aspect has not been included in this 
study, so as to limit the computing required. The model is 
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run in the irrigation mode for the particular engineering design 
o.ption being simulated.' Estimates of crop yield and dry matter 
production for each paddock within the scheme area are made for 
each year of the simulation. These are converted to monetary 
units by using standard product price assumptions, accumulated 
for each farm, and finally accumulated for the scheme as a 
whole. 
7.3.5 Calculation of Costs 
Common features are liable to exist regardless of 
the particular proposals for community water harvesting schemes. 
These features can be broken down as follows: 
(a) Capital Cost Items 
- Headworks, diversion facilities at water 
resource; 
- Reticulation system from water resource to 
farm storage; 
- On farm storage darns; 
- On farm irrigation systems; 
(b) Annual Cost Items 
". 10 st income from land devoted to storage 
construction; 
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- Annual charges for irrigation power; 
- Annual charges for flood pumping power; 
- Sinking fund allowances for capital works; 
- Repairs and maintenance to capital works; 
- Annual costs for agricultural operations. 
The functionalisation of these cost items was an 
important part of the work reported here. It allowed many 
project design alternatives to be investigated without having 
to carry out major engineering redesign for each. Details of 
how this was done for the Glenmark situation are given in the 
next section. The approach taken here may suit many projects 
but obviously each new application will necessitate the 
development of specific forms of cost relationships. 
7.3.6 Net Cash Flows 
(a) Unmodified Net Cash FZows 
As mentioned in Section 7.3.3, the model calculates 
an unmodified net cash flow for each year of the simulation 
according to the sum: 
CASH (YR) = TBE - (DCASH(YR) + TACPW + TACFP + TACA 
+ TCCLS + ACRMI + ACRMS + ACRMFP + SF) 7.1 
where 
CASH (YR) = unmodified net cash flow in any year under 
irrigation, 
DCASH(YR) = net cash flow under dryland conditions in same 
year, 
TBE = gross income from irrigated system, 
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TACPW = annual cost for irrigation power, 
TACFP = annual cost for flood pumping power, 
TACA = annual agricultural costs for irrigated system, 
TCCLS = annual cost attributed to land lost to storages, 
ACRMI ) = annual costs for repairs and maintenance to the 
) 
ACRMS ) capital items of on-farm irrigation, scheme 
) 
ACRMFP ) works and flood pumps, respectively, 
SF = annual cost for sinking fund allowance for all 
capital works. 
(b) Modified Net Cash FZows 
The unmodified net cash flow for the irrigation 
scheme given above does not include the expenditure on scheme 
capital works nor the influence of the change from dryland to 
irrigation farming during the transition period, which is in-
fluenced by the phasing of capital works as well as by farm 
management considerations. 
Construction expenditure and the effect of the 
construction period on the dryland income foregone and irrigat-
ion income growth will alter the net cash flow system over (say) 
the first four years of the project (Years 0, 1, 2 and 3). 
This alteration can be expressed in the following equation: 
MCASH (YR) -. - (CC (YR) + C (YR) * DRY (YR) + (K (YR) * IRR (YR» 7 . 2 
where 
MCASH(YR) = modified net cash flow in year YR, 
CC(YR) = capital expenditure in year YR, 
C(YR) = decimal proportion of the net dryland income 
foregone in year YR, 
DRY (YR) = net dryland income in year YR, 
K(YR) = decimal proportion of the net irrigated income 
received in year YR, 
IRR(YR) = net irrigated income in year YR, 
YR = years 0, 1, 2, 3. 
By selecting various values of CC(YR), C(YR), 
and K(YR) , a range of implementation programmes can be super-
imposed on the unmodified cash flow stream. 
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The treatment of the cash flows discussed so far 
results in a modified net cash flow ordered in the strict 
historical sequence produced by the simulation model, from which 
it is possible to calculate IRR and NPV at various interest 
rates. Such a calculation, however, gives no indication of the 
risk involved in the project as previously discussed in Section 
7.2.3. 
This aspect is also developed further in Section 
7.4 by looking at the application of the model to the Glenmark 
Scheme. 
7.4 APPLICATION TO GLENMARK IRRIGATION SCHEME 
Two aspects - calculation of costs and analysis of risk -
are expanded in this section by detailing their treatment in the 
application of the model to the Glenmark Irrigation Scheme. 
7.4.1 Calculation of Costs 
(a) CapitaZ Costs 
The capital costs of the scheme were based on 
detailed engineering design and the cost functions derived are 
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summarised in Table 7.1 and discussed below. 
(i) Diversion Dam and Flood Pumping Facilities: 
The capital costs of these items were not sensitive to variat-
ions in diversion or pumping rates, within the range of such 
rates explored here. Fixed capital cost estimates have there-
fore been assumed, based on detailed engineering design, but 
their timing in the construction planning of the scheme has 
been considered. 
(ii) Reticulation System: In the Glenmark Scheme 
the reticulation system is made up of a piped section, open 
channel section and ancillary control structures (see Chapter 
Two and the Appendix Volume). The capital cost of, these items 
is dependent on the maximum hydraulic capacity of the system, 
which is a major variable in the engineering design options of 
interest. Detailed design was carried out for the reticulat-
ion system and costings prepared for a number of maximum hydraul-
ic capacities. These resulted in the cost relations shown in 
Table 7.1. The cost functions were included in the model as 
arrays, and the capital costs associated with any diversion rate 
was calculated by linear interpolation between the pre-calculated 
values shown in the figures. 
(iii) Storage Dams: Another major variable in 
the engineering design options considered was storage capacity 
on each farm. Detailed design of each storage in the scheme 
was undertaken at one storage level (approx. 100,000 m3 in each 
case) and the storage-excavation ratio (SER) (water volume to 
earthwork volume) was calculated. Costings for the earthworks 
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on each dam were prepared and an average cost per m for the 
scheme calculated. The capital cost of each storage dam was 
computed in the model using the storage-excavation ratio (a 
Table 7.1: Capital Cost Relationships for the Glenmark 
Scheme 
(a) Capital Cost Arrays for Reticulation System 
Capital Cost ($ ) for Flow Rate Shown 
RMAXW Pipe to Pipe to 
Flow Rate (l/s) channel Channel Storage 
0 0 0 45809 
400 2550 14000 73178 
800 3050 25500 100547 
1200 3600 34947 127916 
1600 4066 40600 152860 
2000 4500 45500 177804 
2400 4900 49885 202748 
2800 5300 54270 224248 
3200 5700 58655 245746 
3600 6100 63041 267244 
(b) Capital Cost Equation for Allocation Structures 
Cost ($) = 5300 + 5.212 * RMAXW (l/s) 
(c) Capital Cost Information for Dams (SER) and Irrigation 
Systems ($ Cost/ha) 
Farm 1 2 No. 3 4 5 6 7 8 9 10 11 
SER 3.00 4.48 2.74 3.21 3.14 3.13 3.21 2.70 3.11 2.84 4.45 
Cost/ 746 858 381 604 457 445 939 605 614 482 644 ha 
Farm 12 13 14 15 No. 16 17 18 19 20 21 
SER 3.85 6.37 2.38 4.63 15.63 6.63 3.08 3.76 8.69 2.62 
Cost/ 719 713 829 527 587 539 492 904 779 746 ha 
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characteristic of the storage site), the average earthwork cost 
and the storage volume specified in the engineering design opt-
ion being considered. 
shown in Table 7.1. 
The storage-excavation ratios used are 
(iv) On-farm Irrigation Systems: The estimation 
of on-farm irrigation costs for sprinkler systems has always 
been a problem in the economic evaluation of irrigation schemes, 
because the per hectare costs are very dependent on farm-
specific factors. The approach taken in the model was similar 
to that used for the storage dams, where earthwork volumes ex-
hibit similar specific site dependence. Detailed designs were 
prepared for each farm irrigation system for one area (approx. 
36 ha in each case) and the cost per unit area for each farm 
determined. The cost for systems covering different areas on 
each farm was based on this per hectare cost, shown in Table 
7.1. This is a simple and reasonable approach to the problem 
as the per hectare cost remains approximately constant for 
realistic variations from the initial design area. 
(b) Annual Costs 
The annual costs were calculated for each year of 
the simulation as follows: 
(i) Lost Income from the Land Devoted to Storage 
Construction: A small area (aver. 4 ha) of 
land on each farm is taken out of production completely by the 
construction of the storage dams. Based on the dryland budgets 
prepared for each farm (Plank and Heiler, 1977), an opportunity 
cost was calculated over the farmed area on a per hectare basis, 
by using the dryland income over the farmed area minus the dry-
land costs over the farmed area adjusted to reflect the area 
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taken out by each storage. This figure was adjusted subject-
ively to take account of the importance of the storage area to 
the farm (gully darns versus ring tanks). The estimated lost 
income was identified for each farm in this way and entered as 
a constant cost in each of the simulations. 
(ii) Annual Charges for Irrigation Power: The 
charge made by the electricity supply authority on each farm 
irrigation facility is determined (in the Glenmark study) by 
the monthly power usage. It was therefore necessary to cal-
culate the monthly power usage and charges on each farm and 
accumulate these to produce annual power charges. Monthly 
power usage on each farm is dependent upon the power rating of 
the pumping unit, the application rate of the sprinkler system 
and the gross depth of water applied during each month. 
Based on the detailed design of the on-farm 
irrigation systems, the power rating of each irrigation pumping 
unit was calculated. The gross water application over the 
irrigated area for each month on each farm was calculated during 
the simulation period and the time taken to apply this water, 
based on the individual pump capacity, was determined. Finally, 
the total kw hrs used each month was estimated and converted to 
a monthly power charge using the pow~r charging formula approp-
riate to the local electricity supply authority in the area. 
All irrigation power charges were accumulated into annual totals. 
This level of detail in computing the power charges 
is considered necessary for two reasons. Firstly, the charge is 
an increasingly important item in the annual cash flow of irri-
gation systems as power costs escalate, and secondly, the cost 
depends on irrigation need in anyone year, a highly variable 
factor because of the influence of supplemental rainfall. 
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(iii) Annual Charges for Flood pumping Power: 
The charging arrangements for electric power used for flood 
pumping are the same as for irrigation power, and require 
monthly calculations of the power used on each of the farms 
utilising flood pumping for storage replenishment. In the 
simulation of flood pump operation, the flood pumps are operated 
to fill each storage whenever the storage status is below maxi-
mum capacity and the creek flows allow pumping to take place. 
The volume of water pumped to storage in each month is calcu-
lated for each flood pumping installation, converted to 
equivalent kw hrs electric pumping energy by using the design 
flow rate of the facility, and expressed as a monthly cost by 
using the operative charging rules. Annual flood pumping 
charges are accumulated from monthly totals. 
As with the irrigation power charge, accurate 
assessment of flood pumping charges is important because of 
the high cost of electric power, and because of the large var-
iation from year to year in the pumped volume, being directly 
related to both irrigation need and the availability of water 
in the supplying creeks. 
(iv) Repairs and Maintenance to Capital Works: 
The items considered here are the repair~ and maintenance to 
the on-farm systems, the major scheme works and the flood pump-
ing facilities. 
Repairs and maintenance to the on-farm irrigation 
systems was based on 3 per cent of the sprayline cost (spray-
line cost is 30.4 per cent of the total cost) and 2 per cent of 
the pump and motor cost (pump and motor cost is 7.9 per cent of 
the total cost), giving an o'verall 1. 07 per cent of the total 
227 
capi tal cost). 
Estimates of the repairs and maintenance costs for 
the main scheme works (diversion dam plus reticulation system) 
were prepared by Ministry of Works and Development (pers. corom.) 
at 1.1 per cent of the total cost of these works. 
Repairs and maintenance to the flood pumping 
facilities were based on 2 per cent of the total capital cost 
of these items, all being predominantly pump/motor installat-
ions. 
These costs were included as constant .annual_fig-
ures in the net cash flow calculations. 
(v) Annual Costs for Agricultural Operations: 
The agricultural costs for growing any crop can be expressed as 
a combination of direct costs and yield dependent costs. The 
direct costs may include such items as seed, fertilisers,culti-
vation, weed and pest control and residue harvesting. Yield 
dependent costs may include heading, baling, cartage, seed 
cleaning and so on. 
For each rotation module, functions were prepared 
to describe the cost calculation of each crop involved in the 
module. Where dry matter production is involved (e.g. pasture, 
greenfeed), the yield dependent costs are assumed to be zero, 
based on the use of the grazing animal to harvest the dry matter 
produced. 
For ea'ch rotation module grown in the simulation, 
the yearly agricultural costs are calculated and accumulated for 
each farm and for the scheme. 
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(vil) Sinking Fund Allowance for Capital Works: 
Annual sinking fund charges for all capital items were calculated 
for the appropriate design life of each item assuming an interest 
rate of 10 per cent. These charges were calculated for each 
simulation run and entered as a cost in the unmodified net cash 
flow stream shown in equation 7.1. 
7.4.2 Evaluation of Risk 
(a) Method 
To investigate the risk described in Section 7.2.3, 
the statistical properties of the cash flow streams were evalu-
ated and various tests were applied to estimate the form of the 
probability distribution most appropriate to the experimental 
cash flow data. Once the probability distribution and its 
statistics were identified, a large number (4500) of synthetic 
values of net cash flow were generated with the same statistics, 
and divided into 100 sequences (each as long as the 45 yr simu-
lation period) representing equally likely net cash flow streams. 
The transition from dryland to irrigated systems 
required that separate estimates of the irrigated and dryland 
cash flow streams also be made, as the effect of rapid and slow 
transitions was considered to be of importance. Each of the 
irrigated and dryland cash flow streams was analysed in the same 
way as the net cash flow stream (irrigated minus dryland) , and 
statistical properties estimated. Synthetic values (400) of 
both irrigated and dryland cash flow streams were generated, and 
divided into 100 sequences each representing an equally likely 
4 year sample of irrigated and dryland cash flows (4 years being 
the assessed length of the development period) . 
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Having produced synthetic cash flows, the modified 
cash flow sequence detailed in equation 7.2 could be calculated 
by combining the cash flows with cost items in the first four 
years dependent on capital cost phasing and the change in farm-
ing systems. 
Two situations were considered. The first was an 
"optimistic" one, in which construction was completed in Year 0, 
dryland income foregope completely in Years 0-3, and irrigated 
income brought fully on-stream from Years 1-3. The second 
situation was more "pessimistic", and involved spreading the 
capital expenditure equally over Years 0-3, foregoing dryland 
income partly in Years a and 1 and completely in Years 2 and 3, 
and assumes that income from irrigation commences at a low level 
in Year 1, reaching full potential in Year 3. Referring to the 
terminology used in'equation 7.2, these situations are summarised 
below. 
Optimistic Situation Pessimistic Situation 
Years CC C K CC C K 
a 100% 1.0 a 25% 0.5, a 
1 a 1.0 1.0 25% 0.75 0.2 
2 a 1.0 1.0 .25% 1.0 0.6 
3 a 1.0 1.0 25% 1.0 1.0 
To summarise, for each engineering design option, 
100 samples of a 45 year net cash flow and 100 samples of 4 year 
irrigated and dryland cash flows were generated. The first 
four years of each net cash flow sequence were replaced by values 
obtained by considering capital expenditure phasing and assumpt-
ions as to the effect of scheme implementation on the 4 years 
of irrigated and dryland income. The result is hence 100 
sequences of a 45 year modified cash flow, and each sequence 
can be used to calculate one estimate of IRR and NPV values 
at various interest rates, thus giving 100 values of IRR and 
NPV. The values of IRR and NPV so calculated rep~esent 100 
e~ually likely outcomes of the project for each engineering 
option, and so can be used to calculate the statistical prop-
erties (~,6) of the IRR and NPV sample. The results of this 
work are given in Chapter Nine. 
(b) Commentary 
In establishing the most likely form of probab-
ility density function to describe the sample of cash flows, 
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it was not known if serial correlation between adjacent cash 
flows was likely to complicate the development of a statistical 
description of the sample. 
It eventuated that tests of the null hypothesis -
that a cash flow stream was from a normal distribution - using 
the Lillefors goodness-of-fit criteria showed that rejection of 
this hypothesis would have a very high probability of being in-
correct. As well, additional tests for serial correlation 
showed the cash flow elements to be random. These results are 
given in Chapter Nine. Rejection of the assumption of normal-
ity of the data would have thus been unreasonable, thereby making 
the generation of synthetic values of cash flow straightforward 
using standard computer generating techniques. 
If the normality result of this work was likely to 
be generally applicable, the generation of synthetic cash flow 
sequences to study the statistics of discounted cash flow results 
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may be unnecessary, as the variance of NPV and IRR could be 
calculated directly from the variance of the cash flows using 
the probability calculus (Bell, 1977). 
There are two reasons, however, why the general 
approach used here is liable to be warranted in other applicat-
ions. The first is that analytical methods are inappropriate 
if serial correlation or bias in the sample upset the assumpt-
ion of normality, which could be the case in some areas. 
Second, the generation of synthetic values of cash flow elements 
allows easy manipulation of individual items during the economic 
life of the project, which is a potentially useful facility 
worthy of preservation. 
CHAPTER EIGHT 
VERIFICATION OF SYSTEMS MODEL OPERATION 
BY APPLICATION TO THE GLENMARK SCHEME 
AND AN OBJECTIVE EVALUATION 
OF THE TRADITIONAL DESIGN APPROACH 
8.1 INTRODUCTION 
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The previous four chapters (4, 5, 6 and 7) have discussed 
the essential features of the sub-models that make up the 
systems model. In each of these chapters the components and 
linkages in the sub-models have been developed from reasonable 
assumptions about system behaviour. The remainder of this 
thesis deals specifically with the use of the complete systems 
model which is essentially a sequential linkage of the sub-
models, programmed for computer application. 
There are three main objectives in applying the systems 
model to the Glenmark Scheme, as follows: 
(a) To verify the operation of the complete systems 
model by assessing the reasonableness of the information pro-
duced for a system which has already been studied in some detail. 
Such an assessment is important, for whereas the adequacy 
of the sub-models has been already considered separately, no 
such scrutiny has been given to the performance of the systems 
model which links the sub-models together. 
(b) To assess the adequacy of the traditional design 
procedures used in the traditional design solution (the TDS) of 
the Glenrnark Scheme. This is one of the objectives of the 
thesis (Section 1.2). 
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The adequacy of the TDS approach was questioned earlier 
in the thesis (Section 2.3), and the likely advantages of a 
systems approach were identified. The question of adequacy 
can be related to the equation R = f(X,Y) in the following 
way. For one engineering design option, the TDS produced 
estimates of the response vector R as economic and engineer-
ing measures of scheme performance. Involved in these 
estimates were assumptions about some of the causal factors 
Y and a simplification of the mechanism of interaction (f) of 
the causal factors. The systems model can now be used ob-
jectively to examine the adequacy'of some of these factors. 
(c) To examine the potential of the systems model to 
develop more efficient design solutions to the Glenmark Scheme 
in particular, and to the design problem generally. This pro-
vides the necessary background to Chapter Nine where such sol-
utions are pursued. This examination is required to assess if 
the main objective of the thesis (Section 1.2) is to be realised. 
The material in this chapter is arranged as follows. 
/ 
Firstly, the design scenario that the model is applied to is 
described. This consists essentially of portraying the tradit-
ional design solution (hereafter called TDS) in a way suitable 
for application of the systems model. The resulting simulat-
ion of this final design option is referred to as the FDO simu-
lation to distinguish it from later simulations carried out in 
the experimentation phase, the subject of the next chapter. 
Secondly, the TDS and FDO are compared in two ways. In 
the static portrayal of the TDS, assumptions were made about 
design parameters (the vector Y) that were known to be dynamic. 
The FDO allows the validity of these assumptions to be assessed. 
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The results of the TDS assumptions and the TDS analysis are 
estimates of the performance of the irrigation system (the 
vector R). These estimates are expressed in agronomic, en-
gineering and economic terms, and compared with corresponding 
performance estimates obtained in the FDO. The comparisons 
are used to assess the validity of the systems model, to 
identify the advantages to engineering design that result from 
its use, and to assess the implications of the simulation 
study for the Glenmark Irrigation Scheme. 
8.2 THE DESIGN SCENARIO 
The details of the TDS are contained in the Appendix 
Volume and in Volume Three of the Final Design Report of the 
Glenmark Irrigation Scheme (Plank and Heiler, 1977), and have 
been summarised in Chapter Two. The essential features of 
the TDS are collected in this section and the way in which 
data inputs are arranged for the FDO is described. 
8.2.1 Dryland Agricultural Systems 
The economic analysis carried out in the TDS was 
based on detailed before- and after-irrigation farm budgets 
prepared for each farm within the scheme. These farm budgets 
identified the existing land utilisation on the proposed ir-
rigated area by farm survey. By using the crop rotation module 
concepts described in Chapter Five (Section 5.3.4), the dryland 
utilisation of the irrigated areas can be characterised and is 
portrayed in Table 8.1, as explained hereunder. 
The basic dryland rotation practised on the farms 
consists of a pasture phase lasting 6-10 years, renewed through 
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Table 8.1: Dryland Land Utilisation on, Irrigated Area 
Farm Crop Rotation Module No. in each of 5 No. paddocks 
1 32 32 32 3 2 7.5 
2 32 32 32 3 2 5.55 
3 32 32 32 3 2 9.0 
4 32 32 32 3 2 9.0 
5 32 32 32 3 2 10.0 
6 32 32 32 3 2 9.0 
7 32 32 32 3 2 6.94 
8 32 32 32 3 2 11.25 
9 32 32 32 3 2 9.0 
10 32 32 32 3 2 11. 0 
11 32 32 32 3 2 6.25 
12 32 32 32 3 2 9.0 
13 32 32 32 3 2 6.25 
14 32 32 32 3 2 7.0 
15 I 32 32 32 3 2 11.0 
16 I 32 32 32 3 2 8.5 
17 32 32 32 3 2 9.0 
18 32 32 32 3 2 9.0 
19 32 32 32 3 2 9.0 
20 32 32 32 3 2 9.0 
21 32 32 32 3 2 9.5 
Area (ha) in each Total Pasture 
paddock area life (ha) (yrs) 
7.5 
5.55 
9.0 
9.0 
10.0 
9.0 
6.94 
11.25 
9.0 
11. 0 
6.25 
9.0 
6.25 
7.0 
11. 0 
8.5 
9.0 
9.0 
9.0 
9.0 
9.5 
7.5 3.75 3.75 30 6 
5.55 1.67 1.68 20 10 
9.0 4.5 4.5 36 6 
9.0 4.5 4.5 36 6 
10.0 5.0 5.0 40 6 
9.0 4.5 4.5 36 6 
6.94 2.09 2.09 25 10 
11.25 5.62 5.62 45 6 
9.0 4.5 4.5 36 6 
11.0 5.5 5.5 44 6 
6.25 3.12 3.12 25 6 
9.0 4.5 4.5 36 6 
6.25 3.12 3.13 25 6 
7.0 3.5 3.5 28 6 
11.0 5.5 5.5 44 6 
8.5 4.25 4.25 34 6 
9.0 4.5 4.5 36 6 
9,0 4.5 4.5 36 6 
9.0 4.5 4.5 36 6 
9.0 4.5 4.5 36 6 
9.5 4.75 4.75 38 6 
Scheme Area 722 ha 
Average per farm 34.4 ha 
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autumn-sown wheat crops for 2 years. The first of these cereal 
crops typically involves a follow-up summer fallow before the 
second wheat crop, which is itself followed by the pasture 
phase. 
Accommodation of the effect of this total farm 
rotation on the proposed irrigation area on each farm in the 
model requires specification of the area and land use on five 
paddocks comprising the irrigated area. Referring to Table 
8.1 and Farm No.1, the total area of interest is 30 ha, and 
the rotation normally practised involves a 6-year pasture phase 
followed by the 2 years in cereals. That is, over the farm as 
a whole, 6/8 of the area would be in grass and 2/8 in cereals, 
in anyone year. The land use on the five paddocks should 
reflect this, thus for Farm No. 1 the grass area is 6/8 x 30 = 
22.5 ha and the first and second cereal crop 1/8 x 30 = 3.75 ha 
each. Similar calculations were carried out for the two sit-
uations where the practice was to leave the pasture down for 10 
years (Farm No's 2 and 7). 
8.2.2 Agricultural Systems Under Irrigation 
Crop rotations were selected for each farm based 
on the best evidence of compatibility with the soil, farm infra-
structure and managerial interests and ability of each farmer. 
The rotations adopted for each farm were described in a manner 
similar to that of Table 8.1 and are shown in Table 8.2. Note 
that the total area on each farm is the same in both tables, 
but the allocation of area into the 5 paddock format required 
for the model is based on the new irrigation rotation involved. 
Farm No's 7 and 14 in the irrigated scenario are completely in 
grass, with no renewal phase indicated, as well-managed pastures 
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Table 8.2: Irrigated Land Utilisation on Irrigated Area. 
IF arm Crop Rotation Module No. in each of 5 No. paddocks 
1 6 13 25 25 25 10 
2 6 13 25 25 25 6.67 
3 6 10 17 25 25 9.0 
4 6 10 17 25 25 9.0 
5 6 16 13 30 25 8 
6 3 1 10 30 25 7.2 
7 32 32 32 32 32 5 
8 10 25 25 25 25 15 
9 6 10 17 30 25 7.2 
10 6 13 25 5 30 8.8 
11 10 10 17 25 25 6.25 
12 6 13 25 5 5 9.0 
13 10 17 25 25 25 8.33 
14 32 32 32 32 32 5.6 
15 6 10 17 25 25 11.0 
16 6 10 17 25 25 8.5 
17 10 17 25 25 25 12.0 
18 6 13 25 25 25 12.0 
19 10 17 25 25 25 12.0 
20 10 17 25 25 25 12.0 
21 6 13 25 25 25 12.67 
Area (ha) in each Total 
paddock Area 
10 3.33 3.33 3.34 
6.67 2.22 2.22 2.22 
9.0 9.0 4.5 4.5 
9.0 9.0 4.5 4.5 
8 8 8 8 
7.2 7.2 7.2 7.2 
5 5 5 5 
7.5 7.5 7.5 7.5 
7.2 7.2 7.2 7.2 
8.8 8.8 8.8 8.8 
6.25 6.25 3.12 3.13 
9.0 9.0 4.5 4.5 
8.33 2.78 2.78 2.78 
5.6 5.6 5.6 5.6 
11.0 11.0 5.5 5.5 
8.5 8.5 4.25 4.25 
12.0 4.0 4.0 4.0 
12.0 4.0 4.0 4.0 
12.0 4.0 4.0 4.0 
12.0 4.0 4.0 4.0 
12.67 4.22 4.22 4.22 
Scheme Area 722 ha 
Average per farm 34.4 ha 
30 
20 
36 
36 
40 
36 
25 
45 
36 
44 
25 
36 
25 
28 
44 
34 
36 
36 
36 
36 
38 
(ha) 
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under irrigation in this environment are regarded as permanent. 
8.2.3 Engineering Components 
The engineering components of, the irrigation 
system are made up of works that divert, store or apply water. 
The design of these works for the TDS is summarised in Chapter 
Four and fully detailed in the Appendix Volume. The concern 
here is how these components were characterised in the simulat-
ion model, in regard to size, function and cost. Each com-
ponent has an initial capital cost and some annual cost assoc-
iated with it. The method used to include these costs is 
described in Chapter Seven. 
The diversion system uses gravity diversion for 
the Weka and pumped diversion for the Home and Omihi Creeks. 
Table 8.3 lists the values of parameters selected to character-
ise the size of the diversion facilities in the FDO. The 
terms used in this table have been previously defined (see 
Figure 4.8 in Chapter Four). 
Table 8.3: Diversion Parameters in the FDO (l/s). 
Flow Rate (l/s) for Diversion Parameter Shown 
RMAXW RMINW RMAXH RMINH RMAXO RMINO 
821 28 226 56 355 56 
This characterisation of the Weka diversion system is 
identical to the TDS assumptions as all flows between RMINW 
and RMAXW are diverted into storage. As described in Chapter 
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Two and the Appendix Volume a number of variable capacity 
pumping rates where suggested in the TDS for pumped replenish-
ment from the Home and Omihi. These, together with the 
assumed pumped withdrawal pattern used in the FDO, are shown 
in Figures 8.1 and 8.2. Note that the FDQ characterisation 
of this aspect is simplistic in comparison with the original 
TDS assumptions, and will consistently give slightly lower 
diversion volume estimates for each replenishment event. 
The procedure followed to determine the maximum 
capacity and top water level of each storage dam in the TDS 
was described in Chapter Two. The importance of characteris-
ing the depth-storage and depth-surface area features· of each 
and every such da~ was stressed (see Figure 4.9 ). These 
features are included in the FDO as a storage-surface area 
relationship for each dam, represented as surface area values 
in M2 for each 1000 M3 increment in storage volume. These 
values were taken from the depth-storage relationships in the 
Appendix volume. The maximum capacity used for each dam in 
the FDO was taken from the TDS, as listed in Table 8.4. 
Table 8.4: Storage Volumes in the FDQ (mL) 
Farm No. 1 2 3 4 5 6 7 
Storage (mL) 105.00 74.90 92.70 89.70 90.00 89.60 89.60 
Farm No. 8 9 10 11 12 13 14 
Storage (mL) 117.20 89.00 96.50 94.40 94.40 68.00 99.30 
Farm No. 15 16 17 18 19 20 21 
Storage (mL) 89.80 92.70 90.50 87.40 112.60 107.40 91.20 
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The way in which the on-farm irrigation systems 
remove water from the storage dams over a period of time is 
determined by the soil moisture deficit and the area of each 
crop being watered, the physical features of the irrigation 
system and the availability of labour to use the system. In 
the TDS these factors were considered and influenced the design 
of the sprinkler layout chosen for each farm. Generally 
speaking, the equipment chosen would be capable of getting over 
the area devoted to each crop in 3-5 days. That i~, the water 
for each crop irrigation would be removed from storage over 
this period. Insofar as the FDO is concerned, it was assumed 
that a decision to irrigate a crop would result in the necessary 
volume of water being removed over a one-day period. This 
simplification was made to reduce the amount of calculation 
necessary to preserve the individual system capacity features 
on each farm. The effect of this departure from reality is of 
little importance to the storage balance calculations. What 
effect there is will be conservative, as there will be no 
possibility of supplemental rainfall stopping an irrigation 
part way through, as may happen in practice. 
8.3 ASSESSMENT OF THE DESIGN ASSUMPTIONS (VECTOR Y) MADE 
IN THE TDS 
In the TDS there were several parameters known to be 
dynamic in nature, that were set at "conservative" static 
levels, and used in the analyses of system performance. An 
arbitary separation of these parameters has been made into 
design assumptions (vector Y), being those fixed at the start 
of the design, and design performance estimates (vector R), 
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being those resulting from the design and of particular interest 
as measures of scheme performance. 
The design assumptions (vector Y) described in this 
section are the estimates of supplemental water requirements, 
evaporation losses from the storage darns, and the annual costs 
of electric power for flood pumping and irrigation. In Section 
8.4, measures of scheme performance in agronomic, engineering 
and economic terms are compared for the TDS and FDO. 
8.3.1 Supplemental Water Requirements 
For the purpose of determining the necessary volume 
in each storage darn in the TDS, a "best-estimate" of the supple-
mental water requirements of crops was made (see Table 2.3). 
In terms of annual supplemental water requirements, these were: 
Spring-sown barley ) ) 
Spring-sown wheat ) 
Winter-sown wheat ) ) 
190 rom 
Garden peas ) 
White clover seed ) 
seed 
) 
Ryegrass ) 150 rom 
Pasture and lucerne 300 rom 
An assumed overall application efficiency of 75% is implicit in 
these values. It was further assumed that the supplemental 
water requirements given above would be the same in every year, 
and that the storage volume determined from these requirements, 
with allowance for evapora~ion loss, would be required in each 
year if shortfalls were to be avoided. 
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An integral part of the FDO was the establishment 
of a sub-model of the water demand system (Chapter Five), in-
corporating soil, climatic and physiological information, that 
simulated soil moisture variation on a daily basis under each 
of the crops involved, and included irrigation applications 
that maintained soil moisture levels that were assumed to be 
non-limiting to crop yield (Chapters Five and Six). To examine 
the adequacy of the TDS design assumptions, the computer model 
was run over the historical data period (45 years) for each crop 
rotation module involved in the FDO. Storage volumes were made 
unlimited so that water was available for irrigation as required. 
The information produced was the day on which the irrigation was 
applied and the net amount required. 
The results of this work are given in Figures 8.3 
and 8.4. These figures are frequency curves of annual supple-
mental water requirements derived from the computer output. 
The water requirements are gross, obtained by assuming an appli-
cation efficiency of 75%. Figure 8.3 shows the results for 
the grain and seed pea crops, and Figure 8.4 for pasture and the 
small seed crops. 
estimates used. 
Also shown on these figures are the TDS 
Dealing firstly with the gr~in and seed pea crops, 
it can be seen from Figure 8.3 that the TDS estimate was very 
close to the highest simulated annual supplemental water require-
ment for each of the crops. As such it represents a conservat-
ive basis for design purposes, for if the system were capable of 
satisfying this requirement, it would be working to capacity 
only once in about fifty years (on average). Considering now 
the frequency curves over the full range shown in Figure 8.3, 
the overall similarity in the curves for all crops is apparent. 
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Figure 8.3: Frequency Analysis of Supplemental Water Requirements 
for Grain and Seed Pea Crops. 
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Figure 8.4: Frequency Analysis of Supplemental Water Requirements 
for Pasture and Small Seed Crops. 
247 
A commonly used risk level for water resource projects of the 
kind discussed here is to satisfy water requirement eighty per 
cent of the time on average (Burton, 1965) and at this level 
the variation in the annual supplemental water requirements 
for the crops is: 
Winter wheat (sown 1/6 ) 157 rom 
Spring wheat (sown 1/8 ) 145 rom 
Barley (sown 1/9 ) 158 rom 
Barley (sown 1/10) 147 rom 
Garden peas (sown 1/8) 160 mm 
These differences would be ignored in practical design studies 
because of the uncertainty as to which of these crops would be 
grown in the area, and a design figure of 160 rom would be 
appropriate for schemes involving once-yearly replenishment of 
storage dams. Also of importance to the assessment of the 
adequacy of the TDS assumptions in this regard is the range of 
the estimated water requirements over the full simulation 
period. On average (at the 50% level) the water requirements 
are between 110 and 135 mm, whilst in wetter years (say the 
80% level) they have dropped to between 70 and 90 mm. It 
could be expected from this variation that water in storage 
would be carried over from one year to the next on many occas-
ions, a point further discussed in Section 8.4. 
The frequency curves of estimated annual supple-
mental water requirements for pasture and small seeds shown in 
Figure 8.4 exhibit the typical stepped pattern associated with 
an irrigation rule based on correcting soil moisture between 
pre-set lower and upper levels. With such a rule, all irrigat-
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ion applications are of equal depth and the variation from 
season to season is the number of applications required. The 
frequency curve for pasture shows that a maximum of 7 irrigat-
ions were required only once during the simulation period, 
equivalent to a gross water requirement of 380 mm. The TDS 
value of 300 rom is once again relatively conservative, being 
exceeded 8 per cent of the time. 
As pointed out in Chapter Six, there is little 
information available about the irrigation water requirements 
of white clover and ryegrass. In judging the frequency 
curves for these crops (Figure 8.4), it must be remembered 
that the irrigation rules adopted were based on an understand-
ing of the effect of soil moisture levels on the physiology of 
seed production, that were at best approximations. The con-
clusion reached from the results of the simulation, however, is 
that the TDS assumption of two irrigations is substantially 
sound, but that the depth of these irrigations can be less than 
that required to correct fully to field capacity. The end 
result is estimated annual supplemental water requirements some-
what less than the TDS assumption (110 versus 159 rom). 
a.3.2 Evaporation Loss from the Storage Dams 
The way in which the evaporation loss from each 
storage darn was calculated in the TDS, was described in Chapter 
Two. Essentially some fixed mode qf operation for the stor-
ages had to be assumed for this calculation to be done. The 
mode of operation assumed was simplistic, and thought to be 
conservative in terms of ensuring that no shortfalls occurred 
in meeting irrigation water requirements. Storages were 
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assumed full at January 1, and depleted according to average 
evaporation and irrigation withdrawals, assuming zero replenish-
ment from rainfall or from the flood water diversion system from 
the creeks. Whilst this approach is philosophically compatible 
with the other assumptions in the TDS, it is obviously physic-
ally unrealistic. The effect of assuming full storages during 
the early part of the calendar year is to generally overestimate 
evaporation losses at this time. However, the neglect of re-
plenishment events often results in predicted storage levels 
lower than actual levels through the middle and latter parts of 
the calendar year, thereby underestimating evaporation loss for 
these periods. The use of the simulation model allows the 
true evaporation depletion of the storage darns to be established, 
as discussed below. 
During the FDO the daily evaporation loss from each 
storage is calculated (see Chapter Four) and totalled to give 
monthly and yearly values for all storage dams in the scheme. 
The model year (June-May) values of evaporation loss are pres-
ented as a frequency curve in Figure 8.5 for the full simulation 
period. The highest annual loss estimated was 450 rnL, illustrat-
ing the close-to-full status of the storages for much of each 
year. The effect of the 1970/71 drought year when replenish-
ment water was not available from the flood water diversion 
systems resulted in the lowest estimated loss of 150 rnL, a year 
in which the irrigation demand could not be fully met. 
Comparing these results with the TDS assumptions 
of evaporation loss in Figure 8.5, it can be seen that the TDS 
estimate was almost exactly equal to the highest FDO estimate 
of evaporation loss. Whilst the TDS evaporation loss estimate 
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y:ould resul t in a conservative provision of extra storage 
volume, in practice this is not as important an issue as might 
have been surmised. For 55% of the simulation period the FDO 
estimate of evaporation loss was more than 400 roL, or 20 per 
cent of total scheme storage, so less conservative estimates 
in the TDS would have been risky in hindsight. It must be 
remembered, however, that the FDO estimates result from a set 
of replenishment rules for "topping-up", which in many years 
could have been relaxed without any effect on crop yield, but 
which would have reduced the evaporation loss opportunity by 
presenting smaller storage areas for longer periods. 
8.3.3 Annual Costs of Electric Power 
The way in which these costs were calculated is 
fully described in Chapter Seven. It is their variation from 
year to year that is of concern in this section. 
(a) FZood Pumping 
Flood pumping costs in the TDS were based on the 
power necessary to replenish each storage once during the year 
over a 3-month period. Of the nine flood pumping installations 
some were assumed to use diesel-powe,red (tractor) flood lifters. 
The total annual cost of electric power and diesel fuel was 
estimated to be $ 3,962 on this basis (see Appendix Volume) . 
This cost is substantially the same if electric-powered pumping 
is assumed throughout. 
The FDO was based entirely on electric-powered 
pumping units .for flood pumping. The pumping rules were to 
"top-up" each storage whenever a flow event in the supplying 
creeks allowed this to happen. The electric power consumed 
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on each farm in each month was costed and annual costs arrived 
at for each year of the simulation. The results are presented 
as a frequency curve in Figure 8 .6. 
Figure 8.6 shows that the TDS estimate of flood 
pumping was exceeded 8% of the time in the model estimates, 
representing a level of conservatism similar to the assumptions 
previously discussed. This is largely explained by the variat-
ion in water requirements for the crops over the period, al-
though the model estimates involve pumping over longer than a 
3-month period, which would have the effect of increasing power 
costs because of the power-charging formula used. The point to 
note is that the TDS net cash flows will be lower than they 
should be, with an associated reduction in the estimated economic 
benefit attributed to irrigation. 
(b) Irrigation Pumping 
Irrigation pumping costs in the TDS were based on 
applying the TDS supplemental water requirements in each year 
assuming that the total power used was spread 1/8 in October, 
3/8 in November and December (each) and 1/8 in the autumn. 
This was done for each farm and resulted in an annual total of 
$14,310 for this item (see Appendix Volume) . 
In the FDO the irrigation pumping costs were cal-
culated according to the irrigation demand as previously dis-
cussed. The results for the simulation period are presented 
as a frequency curve in Figure 8.7. 
The TDS estimate of irrigation power cost was not 
reached in the FDO estimates. This is understandable, as the 
peak FDO water requirements of the full period for all crops on 
every farm would have had to be coincident for this to occur in 
anyone year. As well, the TDS supplemental water requirements 
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for white clover and ryegrass were higher than that estimated 
in the FDO (Figure 8.4). A similar comment as to the importance 
of the TDS estimate to the net cash flow made in discussing the 
costs for flood pumping would also apply for this cost item. 
8.3.4 Summary 
In the systems portrayal of the problem, R = 
f(X, Y), some of the non-controllable causes factors in the 
vector Yare directly influenced by the environment and have, 
in their turn, influence on scheme performance measures in the 
vector R. In the TDS expected value estimates of some of 
these factors were used. The adequacy of these estimates has 
been objectively considered in this section by application of 
the systems model to the Glenmark Scheme final design option. 
It was shown that the TDS estimates of supple-
mental water requirements and annual pumping costs were con-
servative, which would suggest that follow-on estimates of 
engineering and economic performance in the TDS are liable to 
be pessimistic. 
8.4 COMPARISON OF THE DESIGN PERFORMANCE ESTIMATES 
(VECTOR R) 
In this section, the concern is with estimates of scheme 
performance. The discussion of this aspect is looked at from 
the points of view of agronomic, engineering and economic per-
formance assessment. These points of view are also used in 
the next chapter in which experiments with the model are des-
cribed. 
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Initially the TDS estimates of scheme performance are 
reviewed, with special emphasis given to the prediction of 
shortfall years and their treatment. This is followed by a 
joint consideration of the agronomic and engineering perform-
ance estimates of the FDO, with a discussion of the TDS pre-
dictions seen in the light of the simulation output. Finally, 
the economic assessment of the irrigation scheme is viewed 
with the previously introduced material as background. 
8.4.1 General Review of TDS Performance Estimates 
A good deal of attention was given to the predict-
ion of shortfall years in the TDS analysis (see Appendix B of 
the Appendix Volume). In Chapter Two, the reliance upon 
calendar year assessments of meeting scheme demand was des-
cribed. In essence, the volume of water that could be diverted 
from the Weka Creek in each calendar year with four operating 
rules was calculated. The target was to achieve at least one 
replenishment of each storage dam during this period, the 
volume of water involved being based upon the TDS design assumpt-
ions of irrigated area, water requirement and mode of storage 
operation previously discussed in this chapter. One operating 
rule was chosen as being superior and formed the basis of the 
TDS design. Table 8.5 given here is taken from the Appendix 
Volume and expresses the TDS predictions of shortfall. The 
four calendar years 1972-1975 are included with the shortfall 
years in Table 8.5 to assist later discussion. 
Table 8.5: TDS Prediction of Scheme Reliability for 
Selected Years 
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Calendar year 1932 1933 1948 1964 1969 1972 1973 1974 1975 
% of scheme demand 61.7 12.3 76.3 3.8 3.7 181.1 159.8 684.8 161.5 
met 
Previous year 
Ratio Diverted volume 3.07 0.78 2.55 3.63 3.90 1.31 1.81 1. 60 6.85 Annual demand 
The conclusions drawn from Table 8.5 are as follows: 
- scheme demand would not be fully met in the 
years 1932, 1933, 1948, 1964 and 1969; 
- 1964 and 1969 represent years of zero irrigat-
ion water availability; 
- performance in years 1972 and 1975 appears to 
be satisfactory; 
- there is a high expectation of carry-over 
storage from the year previous to years of 
predicted shortfall. 
The limited exploration of operating rules (an 
engineering option) for diversion showed that very little could 
be gained in improving reliability by increasing the diversion 
rate from the Weka Creek. There was some evidence, however, 
that some shortfall years (in particular 1964 and 1969) may be 
influenced by the effect of carry-over storage from the previous 
year. It was appreciated that the supplemental irrigation 
water requirement in these years was liable to be of importance. 
The reasoning given above was taken no further be-
cause of the computational limitations existing at the time. 
The occurrence of shortfall years was not considered in sub-
sequent economic or financial analysis, which took the same 
expected levels of dryland and irrigated production for each 
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year included in the benefit-cost analysis. It was anticipated 
that the "conservative" nature of the design assumptions would 
reduce the severity of predicted shortfalls, although this 
could not be quantified. 
8.4.2 Agronomic and Engineering Performance Estimates 
In the FDO 
(a) Resu Zts 
The experience gained in this study has revealed 
the usefulness of using agronomic performance estimates as 
convenient indicators of the engineering performance of the 
system under study. 
To elaborate, reference is made to the concept of 
'plateau' yields of crops described in Chapter Six. The 
validation of the crop yield algorithms required yield estimates 
of all crops grown under non-limiting soil moisture conditions 
(plateau yields) for each year of the simulation. Pre-knowledge 
of these plateau yields allowed shortfalls in agronomic perform-
ance on individual farms to be identified manually from the FDO 
simulation output. Table 8.6 lists these agronomic shortfalls. 
The forma.t of Table 8.6 is explained as the dis-
cussion proceeds here. Similar tables for later simulations 
are presented in Chapter Nine. Only four years of the FDO 
simulation (1933/34, 1969/70, 1972/73, 1973/74) showed agronomic 
shortfalls. All 21 farm results are presented as indicated in 
the first column of each year's results. The following eight 
columns indicate the crops grown on up to five paddocks per 
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Table 8.6: Agronomic Shortfall Periods in the FDO 
. 
Farm No. Year 1933/34 Year 1969/70 ww sw B GP we RY PA GF ww sw B GP we RY PA GF 
1 X X X X X X 
2 X X X X X X 
3 X X X X 
4 X X X X 
5 X X 
6 X X X X 
7 X X X X X X X X X X X X X 92 X 
8 X X X X X X X X 
9 X X 
10 X X X X 88 93 
11 X X X X X X 
12 X X X X X X 
13 X X X X X X 
14 X X X X X X X X X X X X X 86 X 
15 X 75 80 77 X X 88 91 83 X 
16 X X X X 
17 X X X X X X 
18 X X X X X X 
19 X X X X X X 
20 X X X X X X 
21 X X X X X X 
Farm No. Year 1972/73 Year 1973/74 ww sw B GP we RY PA GF ww sw B GP we RY PA GF 
1 X X X X X X 
2 X X X X X X 
3 X X X X 
4 X X X X 
5 X X 
6 X X X X 
7 X X X X X X 98 X X X X X X X X 
8 X X X X X X X X 
9 X X 
10 X X X X 
11 X X X X X X 
12 X X X X X X 
13 X X X X X X 
14 X X X X X X 96 X X X X X X X 99 X 
15 X X X X 
16 X X X X 
17 X X X X X X 
18 X X X X X X 
19 X X X X X X 
20 X X X X X X 
21 X X X X X X 
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farm. If a particular crop of these eight is not involved on 
a farm, it is indicated by a "X". Blank spaces in a row 
indicate that plateau yield was simulated for that crop/farm 
combination. The numbers shown in the row spaces are the per-
centages of plateau yield achieved for a crop/farm combination. 
A final point to bear in mind is that Farm No's 1-12 are Weka 
supplied; 13-16 are Home supplied; and 17-21 are Omihi sup-
plied. 
The predicted agronomic performance is usefully 
interpreted jointly with information about the engineering 
components of the system. Table 8.7 (a)-(c) is a summary of 
the monthly status of the diversion and storage systems for the 
years referred to in the next paragraphs. The terms Top Loss, 
Loss 'A' and Loss 'B', used in Table 8.7, have been previously 
defined in Chapter Four (Figure 4.8). 
The agronomic shortfalls shown in Table 8.6 
indicate important characteristics of the system. In 1933/34 
agronomic shortfalls on Farm No. 15 in spring-sown crops result 
from inadequate storage provision on this farm in a situation 
of zero replenishment from the Home Creek from December 1932 to 
December 1933 (Table 8.7). Water availability early and later 
in the 1933/34 season has assured pasture, white clover seed 
and greenfeed performances. 
The 1969/70 season represents the most widespread 
failure of the system in the FDO simulation. Four of the 
twenty-one farms show agronomic shortfalls. On two farms (No's 
10 and 15), spring crop shortfalls occur, directly related to 
inadequate storage capacity to cope with long periods of zero 
streamflow (Weka dams full January 1969 and not replenished 
until May 1970; the corresponding dates for the Home dams are 
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Table 8.7(a): Monthly Status of Storage and Diversion Systems for 1932/33 and 1933/34 
Volume of Water Foregone at Water Resource Due Volume Spilled Volume Lost 
To Diversion Rule Constraints (ml) (ml) from Dams To Evaporation Served By From All Dams 
Month Top Loss Loss 'A' Loss 'B' Top Loss Loss 'A' Loss 'B' Top Loss Weka Home Omihi (ml) Year 
weka 1 Home Home Home Omihi Omihi Omihi 
1932 6 0 0 0 0 0 0 0 0 0 0 4.9 
7 0 8 9 18 0 20 78 0 0 0 5.4 
8 0 8 I 0 0 39 0 0 0 0 0 15.1 9 0 0 0 0 0 0 0 0 0 0 21. 5 
10 324 0 0 313 0 0 994 28 0 0 35.2 
11 0 20- 10 5 409 9 36 35 0 31 53.3 
12 0 0 0 0 0 0 0 0 0 0 40.5 
1933 13 0 0 0 0 0 0 0 0 0 0 63.3 
14 0 0 0 0 0 0 0 0 0 0 47.5 
15 0 0 0 0 0 0 0 0 0 0 40.6 
16 0 0 0 0 0 0 0 0 0 0 22.0 
17 0 0 0 0 0 0 0 0 0 0 12.7 
6 0 0 I 0 0 0 0 0 0 0 0 5.9 
7 0 0 0 0 0 0 0 0 0 0 10.2 
8 0 0 0 0 0 0 0 0 0 0 16.8 
9 0 0 0 0 0 0 0 0 0 0 23.9 
10 0 0 0 I 0 
0 0 0 0 0 0 29.8 
11 0 0 0 0 0 0 0 0 0 0 36.0 
12 0 0 I 13 I 23 0 0 97 0 0 0 19.5 I 
1934 13 338 47 23 433 45 41 1449 350 102 418 53.1 
14 0 16 4 0 85 14 3 96 19 60 46.8 
15 0 0 5 49 16 0 181 131 56 106 44.3 
16 0 32 5 22 50 28 97 218 76 182 32.6 
.17 422 30 13 433 88 13 1401 933 266 473 17.6 
I 
Note 1: For explanation of terms used refer to Figure 4.8 in Chapter 4. 
IV 
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Table 8.7(b): Monthly Status of Storage and Diversion Systems for 1968/69 and 1969/70 
Volume of Water Foregone at Water Resource Due Volume Spilled Volume Lost 
To Diversion Rule Constraints (m1) (m1) from Dams To Evaporation 
Served By From Dams 
Month Top Loss Loss 'A' Loss 'B' Top Loss Loss 'A' Loss 
'B' Top Loss Weka Omih" (m1) Year Home Weka Home Home Home Omihi Omihi Omihi 
1968 6 191 41 17 247 81 43 830 755 243, 470 11. 7 
7 229 59 18 341 84 42 1138 1013 319 621 9.4 
8 0 59 0 0 280 0 0 174 0 0 19.3 
9 0 56 0 0 270 0 0 169 0 0 23.2 
10 34 41 0 122 214 0 403 475 110 176 39.2 
11 0 74 8 1 211 33 23 207 39 135 51.1 
12 26 31 12 134 131 17 457 405 107 228 58.2 
1969 13 0 0 0 0 44 0 0 12 0 0 69.3 
14 0 0 0 0 0 0 0 0 0 0 49.9 
15 0 0 0 0 0 0 0 0 0 0 49.0 
16 0 0 0 0 0 0 0 0 0 0 24.7 
17 0 0 0 0 0 0 0 0 0 0 16.2 
6 0 0 0 0 0 0 0 0 0 0 6.7 
7 0 0 0 0 0 0 0 0 0 0 8.5 
8 0 0 0 0 0 0 0 0 0 0 13.7 
9 0 0 0 0 0 0 0 0 0 0 25.2 
10 0 0 0 0 0 0 0 0 0 0 25.8 
11 0 0 0 0 0 0 0 0 0 0 32.5 
12 0 0 0 0 0 0 0 0 0 0 20.2 
13 0 0 0 0 0 0 0 0 0 0 7.5 
14 0 0 0 0 0 0 0 0 0 0 4.1 
15 0 0 0 0 0 0 0 0 0 0 4.3 
16 0 0 0 0 0 0 0 0 0 0 2.9 
17 0 6 5 28 0 133 I 1133 I 0 0 0 2.5 
- --- -----
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Table 8.7(c): Monthly Status of Storage and Diversion Systems for 1972/73 and 1973/74 
I i -- volume SPiiledllVOlume Lost i I Volume of Water Foregone at Water Resource Due To Diversion Rule Constraints (ml) (ml) from Dams To Evaporation Served By From All Dams 
Month Top Loss Loss 'A' Loss 'B' Top Loss 
Loss 'A' Loss 'B' Top Loss 
wek·IHome Omihi (ml.) I Year Weka HOl!le Home Home Omihi Omihi Omihi 
1972 6 0 0 0 0 22 0 0 4 0 0 10.6 
7 0 34 15 19 131 22 90 168 23 168 13.1 
8 0 32 0 0 224 I 0 0 130 0 0 15.3 9 0 28 0 0 212 0 0 i 127 0 0 31.2 
10 
I 
314 
I 
28 13 313 116 18 1020 711 173 374 44.8 
11 0 0 0 0 52 0 0 8 0 0 58.6 
12 I 0 0 0 0 0 0 0 0 0 0 49.8 
I I I I 1973 I 13 0 0 0 0 0 0 0 0 0 0 60.3 ! 14 0 0 0 0 0 0 0 I 0 0 0 32.0 I 15 0 0 0 0 0 I 
0 0 0 0 0 16.9 
16 0 0 0 0 0 0 0 0 0 0 2.5 I 
I 17 0 0 0 0 0 0 0 0 0 
0 0.9 
6 0 I o· 0 
I 0 0 0 0 0 0 0 0.4 
I 7 0 0 0 I 0 0 0 0 I 1~ 0 0 0.3 8 649 21 12 579 45 10 1858 6 46 10.3 
9 0 28 13 19 112 14 87 146 15 146 27.1 
10 0 0 0 0 75 0 0 19 0 0 43.2 
I 11 80 17 6 153 56 16 515 288 62 171 50.3 . 
I 12 0 0 0 0 4 0 0 0 0 0 62.0 
1974 13 0 0 0 0 0 0 0 0 0 0 63.1 
14 0 0 0 0 I 0 0 0 0 0 0 51.9 
15 0 22 4 25 33 12 105 0 0 0 40.4 
16 1392 0 0 957 0 0 3016 912 249 473 32.3 
17 79 23 10 142 90 24 476 488 140 265 20.3', 
I 
---
---
tv 
0'\ 
W 
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December 1968 and May 1970). 
The results for Farm No's 7 and 14 in the seasons 
1969/70, 1972/73, and 1973/74 show shortfalls in pasture dry 
matter production. These farms have the irrigation area com-
pletely in pasture and autumn production is reduced because 
water in storage runs out during this period. 
(b) Discussion 
An important point to note in reviewing the joint 
agronomic and engineering performance of the FDO simulation is 
that very few shortfalls are predicted. Only four farms are 
involved and the shortfalls are slight and capable of removal 
by the provision of additional storage capacity. 
It is also obvious that on-farm storage is the 
critical factor in the shortfall years; the results would be 
unaffected by diversion rate manipulation because of the long 
periods of zero streamflow. 
A comparison can be made between the FDO shortfall 
analysis and that revealed in the TDS study (Tables 8.5, 8.6 
and 8.7). The predicted TDS calendar year shortfall for 1932 
and 1948 (replenishment 61.7 and 76.3 per cent of demand) are 
made unimportant by storage replenishment late in the previous 
year and then in the following spring. 'The predicted calendar 
year shortfall in 1933 (replenishment 12.3 per cent of demand) 
is revealed to be more severe than that of 1964 (3.8 per cent) 
due to strategic replenishment events in September of 1964. 
The calendar year shortfall predicted in 1969 (replenishment 
3.7 per cent of scheme demand) is not as severe as might be 
anticipated due to the storages all being full at the end of 
1968. 
Table 8.5 from the TDS analysis would suggest 
little concern for scheme performance in 1972/73 and 1974/75, 
but the FDO results show that the scheme is nearly into a 
shortfall situation due to long periods of zero replenishment 
from early summer to late autumn in both seasons. Such 
occurrences are not revealed by calendar year estimates as 
used in the TDS analysis. 
(c) Summary and Conclusions 
The engineering and agronomic performance 
estimates produced on the TDS were shown to be pessimistic. 
The systems model simulation (the FDO) showed the scheme 
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capable of ensuring plateau crop yields in all years of the simu-
lation, for all practical purposes. The FDO also allowed the 
operation of the system to be appreciated, indicating the major 
importance of the volume capacity of on-farm storages in the 
system. It is concluded that the structural facilities adopted 
in the TDS ar·e capable of providing irrigation to a larger area 
that is included in the TDS, whilst still preserving a similarly 
low risk of failure over the 45 year simulation period. 
8.4.3 Assessment of Economic Performance 
(a) Introduction 
In previous sections of this chapter, comparisons 
have been made between the design assumptions and the agronomic 
and engineering performance estimates of the TDS and FDO studies 
of the Glenmark Irrigation Scheme. In describing the work 
carried out to assess the economic performance of the proposed 
scheme, the question becomes more complicated, as a number of 
such assessments were carried out during the original design of 
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the scheme, as well as the assessment applicable to the work 
reported in this thesis. A brief review of these assessments 
is therefore appropriate. 
An economic assessment of the scheme from the 
National Viewpoint was included in the final design report 
(Heiler et aZ., 1977) and appears in the Appendix Volume in its 
original form. This is referred to as the TDS assessment. 
The Economics Division of the Ministry of Agriculture and 
Fisheries applied conventional CBA to the scheme proposals as 
part of the governmental review of the scheme (Ministry of 
Agriculture and Fisheries, 1978£), and this is referred to as 
the MAP assessment. 
The final economic assessment (the FDO) to be 
described here is that which forms part of this thesis, using 
the methods outlined in Chapter Seven. 
Any comparison which is made between the three 
studies should include a description of the assumptions made in 
each. These consist essentially of comparisons between pro-
duction estimates, costs and prices, and between the methodo-
logical techniques used and the assumptions made that influence 
the final estimates of economic performance. This description 
provides a basis for a comparison and discussion of the 
estimates of economic performance. 
(b) Assumptions and MethodoZogies Used in 
TDS~ MAP and FDG Economic Assessments 
The production estimates used in the three studies 
are listed in Table S.S. Several comments are appropriate to 
the differences in the estimates used for the three studies. 
The first essential difference is that the TDS and MAF assumptions 
are expected production levels. 
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Table 8.8: Production Assumptions in Economic Studies 
Assumed Yield for Study Shown 
Crop Unit (1) (2 ) (3 ) 
TDS MAF FDQ 
Mean Std. Dev. 
Winter Wheat 
Irr t/ha 3.90 3.36 - 4.04 3.86 0.33 
Dry " 2.69 2.02 - 2.69 2.26 1.11 
Spring Wheat 
Irr " 3.90 3.36 - 4.04 3.15 0.62 
Dry " 2.69 2.02 2.69 2.15 1. 21 
-
Barley 
Irr " 4.10 3.92 - 4.48 4.08 0.64 
Dry " 2.53 2.25 - 2.80 3.04 1. 26 
Peas 
Irr " 3.30 2.69 3.36 3.29 0.28 -
Dry " 2.69 2.69 - 3.03 2.74 0.44 
White Clover 
Irr kg/ha 380 224 - 336 380 15 
Dry " 100 317 60 -
Ryegrass 
Irr " 880 788 880 39 
Dry " 448 727 147 -
Note: 1: Average over all farms, no year to year variation; 
2: Range indicates areal variability, no year to year 
variation; 
3: Mean and Std. Dev. reflect year to year variations, 
no areal variability. 
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that is, they are assumed to be the same in each year of the 
life of the scheme. The MAP assessment made some allowance 
for shortfall years, as described later. The MAF estimates 
also involve a range of production estimates based on sub-
jectively grouping the soils of the scheme area into three pro-
duction classes based on soil type. The FDO estimates assume 
that soil properties exert a similar influence throughout the 
scheme area under irrigated conditions, in the absence of 
quantitative information to the contrary, but account for the 
year to year variation due to climate. Under fully irrigated 
conditions this difference results from potential evapotrans-
piration variation, and under dryland conditions includes the 
influence of rainfall as well. 
The assumptions used for product price and costs 
for agricultural operations in the three studies are summarised 
in Tables 8.9 and 8.10. 
Table 8.9: Product Price Assumptions 
Assumed Prices 
Crop Unit For Study Shown 
TDS MAP FDO 
Wheat $/t 110 130.36 110 
Barley $/t 80 104.36 88 
Peas $/t 128 156.36 136 
White Clover $/kg 1. 30 1. 83 1. 81 
Ryegrass $/kg 0.28 0.52 0.52 
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Table 8.10: Assumed Costs for Agricultural Operations 
MAF FDO Units Used 
Crop Cl C2 Cl C2 Cl C2 
Wheat 63.97 15.34 43.30 15.00 $/ha $/t 
Barley 46.55 17.84 63.50 17.50 $/ha $/t 
Peas 89.29 17.00 18.0.00 9.00 $/ha $/t 
White Clover 131.23 0.22 99.00 0.16 $/ha $/kg 
Ryegrass 155.14 0.11 88.00 0.06 $/ha $/kg 
New Grass 55.78 0.00 75.00 0.00 $/ha NA 
Greenfeed NA NA 34.00 0.00 $/ha NA 
Fallow NA NA 28.80 0.00 $/ha NA 
Clover 40.80 0.00 25.00 0.00 $/ha NA 
establishment 
(Costs for agriculture = Cl* Area + C2* Yield harvested) 
The variations in the assumptions arise for several reasons. 
As the TDS economic analysis was based on farm budgets prepared 
for individual farmers, the product prices are those ruling 
during the 1975/76 season (Heiler et al., 1977). Cost assumpt-
ions in this analysis were based on individual farmer resources 
of plant and machinery, and are not specifically available, but 
will be similar to those values used in the MAP and FDO analysis. 
The MAF analysis used standardised cost and price values derived 
annually by the Economics Division of the Ministry of Agricult-
ure and Fisheries for use in CBA in analysis of development 
pro jects (Ministry of Agricul ture and Fisheries, 1978g) .. Values 
used in the FDO analysis were derived specifically for the 
rotations used from information contained in the Farm Budget 
" 
Manual for 1978 (Lincoln College, 1978). 
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It would have been more consistent to compare the 
results of the economic analysis using the same assumptions of 
product price and cost. Any advantages of consistency in 
this regard are reduced by the major differences in methodol-
ogy and other assumptions used in the studies, differences 
justified by the purposes for which they were prepared and 
the conditions prevailing at the time of preparation. 
The methodology used in the TDS assessment did not 
account for variations in scheme construction time, nor did it 
use discounted cash flow calculations, and yielded a simplistic 
measure of National Viewpoint scheme performance (simple inter-
est return on investment). Table 8.11 (taken from the 
Appendix Volume) gives the essential details of this assessment, 
which makes the assumption that scheme construction costs and 
the total scheme initiation of irrigated farming benefits, 
occur in the same year. The simple interest on scheme invest-
ment was calculated based on the scheme net benefit as a per-
centage of this investment. Whilst this value has some rele-
vance to the assessment of economic performance, it is not ex-
pressed in conventional cost-benefit analysis terms, so further 
evaluations were carried out to express the economic perform-
ance in terms compatible with the method ,in current use in New 
Zealand at that time. 
The MAP assessment used conventional CBA tech-
niques, with particular assumptions about the phasing of scheme 
implementation and annual costs. These assumptions have been 
fully documented elsewhere (Ministry of Agriculture and Fisher-
ies, 1978f) and are summarised in Tables 8.12 and 8.13. 
f 
Table 8.11: Original Simple Interest Evaluation of Economic 
Performance of TDS 
Total Annual Net Cash. Benefit from pre- and 
post-irrigation individual farm budget 
Add 
Annual servicing costs for private loans 
Annual servicing costs for scheme loan 
Subtract 
Annual costs for sinking fund 
Adjusted Annual Benefit attributable to 
scheme 
Total Capital invested (January 1977) 
Simple interest return on investment 
+ 98,070 
+ 29,290 
+ 19,560 
- 12,130 
134,970 
1,178,000 
11. 5 per cent 
An additional feature included in the MAF assessment included 
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probabilistic accommodation of the shortfall years predicted in 
the TDS analysis described in Section 8.4.1. The metho,d used 
to allow for the shortfall years was to assume that for 7 per 
cent of the time the scheme production was at the dryland level 
for the crops involved in the irrigation programme, giving an 
expected irrigated crop revenue equal to 0.93 x (crop revenue 
irrigated) plus 0.07 x (crop revenue dryland). 
The method used for the FDO assessment has been 
previously described (Chapter Seven). Different possibilities 
of scheme construction phasing and estimates of annual cost 
figures are included in this assessment, and they are listed in 
Tables 8.12 and 8.13 for ease of comparison with the MAF assess-
ment. 
Table 8.12: Comparison of Costing Data Used in MAP and 
FDO Economic Studies 
Proportion of Costs 
Costs In Year Shown Item Study ($ ) 
0 1 2 3 
Off-Farm Capital Works MAF 638 300 0.70 0.30 0 0 
Option 1 FDO 627 653 1. 00 0 0 0 
Option 2 FDO 627 653 0.25 0.25 0.25 0.25 
On-Farm Capital Works MAF 550 438 0.25 0.50 0.25 0 
Option 1 FDa 455 540 1. 00 a a 0 
Option 2 FDO 455 540 0.25 0.25 0.25 0.25 
Off-Farm Associated Costs 
Sinking Fund MAF 7 977 
R&M, FDO 10 279 
Administration 
R&M, 
MAF 9 000 Administration 
FDa 6 552 
TarAL MAF 16 977 0 0.50 1.00 1.00 
TOTAL FDO 16 832 1.00 1.00 1.00 1.00 
On-Farm Associated Costs 
Sinking Fund MAF 7 598 
FDO 7 954 
R&M MAF 20 477 
FDO 4 874 
Power MAF 14 310 
FDO Variable 
TOTAL MAF 42 385 0 0.25 0.75 1. 00 
TOTAL FDO Variable 1. 00 1.00 1.00 1.00 
272 
4 
0 
0 
a 
0 
0 
a 
1.00 
1.00 
1.00 
1.00 
Table 8.13: Comparison of Benefit Data Timing Used in 
MAF and FDO Economic Studies 
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Proportion Applied in Year Shown 
Item 
Benefit Stream 
Option 
Option 
Dryland Income 
Foregone 
Option 
Option 
1 
2 
1 
2 
Study 
0 1 2 3 4 
MAF a 0.15 0.50 0.85 1.00 
FDO a 1. 00 1.00 1.00 1. 00 
FDO 0 0.20 0.60 1.00 1.00 
MAF NA NA NA NA NA 
FDO 1.0 1.0 1.0 1.0 1.0 
FDO 0.5 0.75 1.0 1.0 1.0 
(c) Comparison of the TDS~MAF and FDO 
Economic Studies 
5 
1.00 
1.00 
1.00 
NA 
1.0 
1.0 
The results of the three estimates of economic per-
formance were as follows: 
Analysis NPV ($1000) at 10% IRR (% ) ]..I 6 ]..I 6 
TDS Not calculaLed (N • C. ) Simple Int.l1.5 (N.C. ) 
~ 
FDO Option 1 142 52 11.41 0.55 
Option 2 186 58 11.65 0.55 
MAF -345 (N.C. ) 7.3 (N.C. ) 
(i) TDS:FDO Comparison: Taking the TDS:FDO com-
parison first, it is noted that the essential assumptions in 
the two analyses are similar in important respects, especially 
in regard to the benefit calculations, as the crop yield 
algorithms in the FDO were scaled to reproduce expected value 
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used in the TDS (Chapter Six). Methodological assumptions in 
both were, however, quite different. The TDS estimate was 
derived from before- and after-farm budgets, whereas the FDO 
used partial budgeting techniques in a discounted cash flow 
framework. It was shown earlier (Section 8.3.3) that arti-
ficially high annual cost estimates for electric powere were 
included in the TDS assessment, which would suggest that the 
economic performance estimates should be lower than the FDO. 
However, this is compensated for by the assumptions used in 
the TDS for scheme implementation, the effect of which would 
be to give higher estimates for TDS economic performance. 
The overall result shows that the systems model, 
for all its complexity, produces estimates of economic perform-
ance little different from the simplistic TDS assessment. 
However, as the FDO simulation showed that the TDS assumption 
of zero shortfalls in crop yield were substantially justified, 
major differences in the TDS:FDO economic assessments would 
have been a cause for concern. The result is, therefore, 
supportive of the contention that the economic assessment in 
the systems model is reasonable. 
(ii) MAF:FDO Comparison: The FDO assessment 
indicates that the economics of the scheme are more favourable 
than those assessed in the MAF study. Reasons for the dif-
ferences are apparent from some of the assumptions. Capital 
cost estimates in the MAF study for on-farm capital equipment 
are higher by $99 898 phased over the first two years of the 
project (Table 8.12). Annual estimates for repairs and main-
tenance for the irrigation equipment are higher by $15 583 in 
the MAF study (Table 8.12). These differences result in the 
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first case because of the time of costing and in the second 
instance because of different assumptions about the level of 
repairs and maintenance applicable to irrigation equipment in 
the New Zealand situation. 
Further important differences result from the 
methodology used. The static portrayal of power costs (irrigat-
ion and flood pumping) in the MAF assessment results in higher 
annual estimates by $9,972) than revealed in the simulation 
study. The MAF assessment also allowed for the TDS estimates 
of shortfall by reducing the average annual income of irrigated 
crops by $7,150, an assumption shown to be invalid by the 
results of the simulation study. 
A quantitative appraisal of these factors can be 
made. The annual cost differences (repairs and maintenance 
$15 583, power costs $9,972 and underestimated benefits $7,150) 
represent a present value (at 10 per cent) in perpetuity of 
$327,050. In addition, the capital cost differences ($99,898), 
allocated 70 per cent in year 0 and 30 per cent in year 1, are 
equivalent to $97,173 at a 10 per cent intere~t rate. The 
combined effect is hence a difference in present value of 
$424,223 attributable to assumptions and methodological differ-
ences. 
The effect on making this adjustment to the results 
of the MAF analysis would be increase the NPV at 10 per cent to 
+ $79,523 and to give an IRR of (approximately) 10.6 per cent. 
This result is closer to the FDO assessment given previously, 
and shows that the simulation model produces results consistent 
with the standard techniques used in governmental analysis, 
even though the methodology is very different. 
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Risk analysis of the FDO was carried out according 
to the methods detailed in Chapter Seven. Results of part of 
this analysis are shown as standard deviations for NPV and IRR 
given earlier in this section. These show that the sequencing 
of climatic events introduces a very low risk in attaining the 
levels of economic performance listed. From a National View-
point, a standard deviation of 0.55 per cent for a mean IRR of 
11.5 per cent indicates a high probability of achieving this 
mean result in any likely climatic sequence following scheme 
construction. 
8.5 SUMMARY AND CONCLUSIONS 
Application of the systems model to the traditional design 
solution of the Glenmark Scheme has been described in thi~ 
chapter. It has provided the opportunity to do three things: 
(a) To examine the operational features of full systems 
model for a real-life project for which a considerable amount of 
information and prior analyses were available; 
(b) To objectively assess the adequacy of the tradit-
ional methods used in the design of a water harvesting scheme, 
with particular reference to the Glenmark design; 
(c) To examine whether the systems model shows potent-
ial for allowing improved design efficiency to be achieved for 
water harvesting schemes, again with particular reference to 
the Glenmark Scheme. 
It was shown (Section 8.2) that the systems model could be 
set up to accommodate the complex requirements of the multi-
farm/multi-crop situation, and to simulate in a realistic fash-
277 
ion the operation of the water supply and water demand compon-
ents of a water harvesting system. By comparing the results 
of the systems model with previous analyses at points within 
the model (Section 8.3) and as final response vectors of model 
outputs (Section 8.4) the ability of the systems model to 
characterise the design problem was demonstrated. It is 
therefore concluded that the systems model is a suitable 
representation of the water harvesting design problem addressed 
in this thesis. 
The suspected limitations of the traditional design 
approach (Section 2.3) were objectively demonstrated in regard 
to assumptions involved in the vector Y of R = f(X,Y} in 
Section 8.3. Environmentally-influenced factors were shown 
to be poorly represented in traditional design assumptions used 
in the TDS of the Glenmark Scheme, and it is clear that this is 
a general limitation of traditional methods. Of importance 
also, the traditional methods of making estimates of the response 
vector R in engineering and agronomic terms was shown to be in-
adequate (Section 8.4). Neglect of the dynamic nature of the 
real system was shown to introduce incorrect estimates of 
shortfalls in engineering and agronomic performance for the 
Glenmark Scheme. 
An objective evaluation of the adequacy of traditional 
methods of estimating economic performance was shown to be com-
plicated by the various assumptional and methodological differ-
ences used in the economic studies being compared. It was 
shown that if appropriate account was taken of the major differ-
ences referred to above, the estimates of economic performance 
produced by the systems model and two other quite different 
traditional methods were similar for the Glenmark Scheme. A 
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result different from this would have suggested some problems 
with this aspect of the systems model for the following reason. 
The scheme as designed was shown to experience no shortfalls. 
This means that the dynamic aspects of the system will be less 
important than during shortfall situations, and therefore 
traditional methods of economic assessment will be reasonably 
applicable. Limitations in traditional methods (non-dynamic) 
of economic assessment could hence not be explored in the com-
parison. 
The third objective of this chapter was to assess the 
potential of the systems model to improve design efficiency. 
The systems model showed that the Glenmark scheme is over-
designed for the scenario discussed in Section 8.2. That is, 
the same area could be irrigated with more modest structural 
facilities, or a larger area with the same facilities. This 
was not objectively apparent before the system was analysed 
with the systems model. Of·equal importance to this result 
in the search for improved design efficiency, is that the 
hydrologic operation of the system was better understood by the 
use of the systems model. How this understanding was used to 
improve the Glenmark design is the subject of the next chapter. 
CHAPTER NINE 
EXPERIMENTS WITH THE MODEL 
9.1 INTRODUCTION 
It was shown in Chapter Eight that the systems model 
was a satisfactory representation of the water harvesting 
design problem by application to the final design of the 
Glenmark Scheme. The potential of the systems model for 
improving the design efficiency of the Glenmark Scheme was 
demonstrated. This chapter describes the use of the 
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systems model to identify system configurations for the Glen-
mark Scheme that are superior to that arrived at by traditional 
design methods. 
A schematic representation of the design problem was 
described in Section 1.3. Three levels of interest were 
proposed: the farm system, the grouping of farms dependent 
on a particular water resource, and the aggregation of the 
water resource systems into a scheme framework. The experi-
ments described in this chapter are based on a hierarchical 
approach to the design problem dev~loped through considerat-
ion of this schematic representation. 
In Section 9.2, the response variables of most relevance 
to water harvesting schemes are identified and the controllable 
causal factors that are to be manipulated in the experiments 
are selected. This procedure uses a hierarchical approach and 
has been done to reduce the complexity of the problem, in a 
realistic way, to a manageable level. 
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The scenario for experimentation for the Glenmark Scheme 
is set in Section 9.3, based on the hierarchical representation 
of the problem. A system configuration is developed for a 
scheme covering a larger area than used in the traditional 
design, as being the most useful and realistic way of exploiting 
the overdesign of the system components in the traditional 
design solution. As a starting point for experimentation, the 
sizes of the controllable factors are set so that the agronomic 
and engineering performance of the system at the farm level is 
essentially risk free. This requires sizing of components at 
the first two levels in the system, which in turn influences 
the response of the system at the scheme level. 
The experimentation phase described in Section 9.4 con-
sists of systematic reductions in selected controllable factors 
accompanied by a consideration of how these reductions affect 
response variables at the three levels in the system. The 
results of this work are collected in Section 9.5 and are dis-
cussed in Section 9.6. 
The chapter concludes (Section 9.7) with a review of the 
implications of the experiments for the Glen~ark Scheme and 
the relevance of the work to the general problems involved in 
water harvesting scheme design (Section 9.8). 
9.2 A HIERARCHICAL APPROACH TO SIMPLIFYING THE DESIGN 
PROBLEH FOR THE PURPOSE OF EXPERIMENTATION 
One way to improve the efficiency of system design for t~e 
problem studied here is to determine the sizes of scheme compon-
ents that maximise some measure of scheme performance. The 
model may be used for this purpose if the objective function to 
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be maximised can be identified and if the necessary design 
variables are capable of manipulation within the model frame-
work. 
In regard to the Glenmark case study, relevant measures 
of scheme performance (vector R) include: 
(a) National Viewpoint economic performance, 
(b) Farmer Viewpoint economic performance, 
(c) A utility Function incorporating risk aversion, 
(d) Various measures of water use efficiency, computed 
for the water resource, irrigation system or for 
the crops being grown, and so on. 
Similarly, the components of the scheme that are Gapable of 
manipulation (vector X) and that could be expected to influence 
these measures of scheme performance are: 
(a) Area of land irrigated, 
(b) Cropping pattern, 
(c) Diversion rate from the water resource, 
(d) Size of storages, 
(e) Irrigation watering rates, and so on. 
Study of all the relevant combinations of scheme variables 
and their effect on equally relevant measures of scheme perform-
ance is not feasible. It is necessary to constrain the number 
,~ 
of variables that are to-be manipulated and to select the meas-
ures of scheme performance that appear to be the most important 
to the problem in hand. 
(a) Measures of Scheme Performance 
The three major parties involved in a community irrigation 
scheme in New Zealand are the farmers, the Government (because 
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of subsidy provisions) and the Regional Water Board, who are 
responsible for the issue of water rights. Each group may 
influence whether or not the development proceeds and if it 
does, what form it will take. In the Glenmark situation, the 
attitude of the Regional Water Board to the development 
proposals has been supportive, in that the scheme lays claim 
only to water in terms of fresh or flood, and has been judged 
to have no major negative effects on the water resource or on 
other current or potential users of the resource. Govern-
mental interests are accounted for by ensuring that the 
economic performance of the scheme meets minimum specified 
levels, although the desire of Government to maximise the 
economic performance of direct concern to it, may (as will be 
shown later) adversely affect the financial return to the 
farmers. The farmers in the Glenmark situation, and this 
applies to other areas where water harvesting schemes are being 
mooted, are faced with proposals that have very little precedent 
in New Zealand. In particular, they rightly have to be con-
cerned about the financial effect of the inevitable occurrences 
of shortfalls associated with this type of water resource 
developmerit. Bearing in mind that the farmers ultimately 
decide whether to proceed or not, it is o~viously of importance 
that information be available to them that directly relates to 
the effect of scheme proposals on the farm operations. 
Based on the foregoing, no one measure of scheme perform-
ance is considered adequate to provide the various parties with 
the information required for proper decision making. This 
being the case, conventional procedures for the optimisation of 
scheme components based on a single purpose objective function 
are inadequate. 
(b) Hierarchical Approach to the Manipulation of 
Scheme Components 
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Before considering how the systems model may be used for 
experimentation, it should be noted that the model contains 
in-built simplifications and constraints. The capacity of 
the irrigation application systems has been fixed according 
to normally accepted standards and the irrigation watering 
rules have been determined in accordance with knowledge of 
crop physiology, as explained previously. There is no facility 
to alter these factors in the experimentation phase, which is 
concerned specifically with the manipulation of the sizes of 
scheme components. 
A method of selecting the sizes of scheme components is 
required that takes account of the realities of the farming 
situation, the nature of the water harvesting design problem, 
and the necessity to simplify the problem for experimentation. 
The following steps describe a method that does this. 
(i) The options for irrigated area and crop mixes on 
individual farms are limited by farm-specific factors. In a 
hierarchical approach to this question, it is proposed that 
the specification of the irrigated area and the crops to be 
grown on each farm be made by farm management experts, and in-
sofar as the design problem is concerned, each specification 
represents a particular design scenario. There may be several 
design scenarios to be investigated for any water harvesting 
proposal. 
(ii) Having simplified the design problem in this way, 
the next consideration is to select the sizes of the water 
diversion and water storage components that result in risk-
free achievement of plateau yields of each crop on each farm 
for the particular design scenario. The water harvesting 
scheme is thus initially sized and its performance can be 
estimated by the systems model in various ways, as detailed 
later. 
(iii) Experimentation with the model can now proceed. 
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This consists of systematically reducing the sizes of the 
water diversion and water storage components, the effect of 
which is to reduce capital cost and crop yield in some years. 
Each new set of component sizes will hence result in altered 
estimates of scheme performance. The experimentation is 
terminated when levels of scheme performance that represent an 
acceptable design solution are achieved. 
The scheme parameters manipulated in the experimentation 
phase are hence those related to storage of water on the farm 
and diversion of water from the resource into storage. In the 
Glenmark situation, these could be judged a priori to have an 
obvious influence on costs and scheme performance, and are the 
major design variables. 
9.3 SCENARIO FOR EXPERIMENTATION 
9.3.1 Area To Be Irrigated 
The starting point for experimentation with the 
simulation model is the experience gained with the FDO simulat-
ion presented in Chapter Eight. Table 8.6 lists the 4 years 
(33/34, 69/70, 72/73 and 73/74) in which yield shortfalls 
occurred in the FDO. These were minor and affected at most 3 
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of the 21 farms. The conclusion drawn from Table 8.6 is that 
the scheme represented in the FDO is overdesigned. It is, 
therefore, justifiable to consider a study aimed at reducing 
the size of structural facilities for the same irrigated area, 
and/or one based on irrigating a larger area with the FDO 
structural facilities. In order to make the results of ex-
perimentation as useful as possible, it was decided to explore 
the possibility of irrigating a larger area than in the TDS. 
The TDS study was based on providing a similar 
area of irrigated land on each property (approximately 36 hal 
(Heiler et al., 1977}. On some properties, a considerably 
larger area is available for irrigation. The maximum area 
that could be irrigated on each property was assessed, taking 
into account property specific factors and by constraining 
the area on anyone property to a maximum of 80 ha, because of 
the reluctance to introduce a requirement for additional labour 
units. 
Columns (1) and (2) of Table 9.1 show the irrigated 
areas used in the FDO and the larger areas involved as a result 
of the reassessment. This new total irrigated area is referred 
to henceforth as the MPA (i.e., maximum possible area) option. 
9.3.2 Storage Provision for MPA Irrigated Area 
Having established the MPA irrigated area, it was 
necessary to identify the initial values of MPA storage that 
would be provided on each farm. The requirement to be met 
first was to preserve the same risk of shortfall between farms. 
As the FDO simulation showed that this had been achieved in a 
reasonable fashion (in that shortfalls were effectively zero), 
Table 9.1: MPA Irrigated Area and Storage Provision 
Irrigated Area Gross Storage Provision (mL) 
(ha) 
Farm No. (4 ) (5) = (2) x (4) (6) = (5) x (n/{8) 
FDO (1) MPA (2) FDO(3) RATIO (3) / (1) MPA 1st Estimate MPA Final Estimate 
1 30 36.7 105.00 3.500 128.45 92.82 
2 20 36.0 74.90 3.745 134.82 97.42 
3 36 65.0 92.70 2.575 167.37 120.94 
4 36 45.0 89.70 2.492 112.14 81.03 
5 40 80.0 90.00 2.250 180.00 130.07 
6 36 80.0 89.60 2.489 199.12 143.88 
7 25 25.0 89.00 3.560 89.00 64.31 
8 45 65.0 117.20 2.604 169.26" 122.31 
9 36 50.0 89.00 2.472 123.60 89.32 
10 44 54.7 96.50 2.193 119.96 86.69 
11 25 40 .. 0 94.40 3.776 151. 04 109.14 
12 36 52.2 94.40 2.622 136.86 98.90 
13 25 30.-4 68.00 2.720 82.69 59.75 
14 28 29.2 99.30 3.546 103.54 74.82 
15 44 50.0 89.80 2.040 102.00 73.70 
16 34 42.6 92.70 2.726 116.12 83.91 
17 36 55.0 C)0.50 2.514 138.27 99.92 
18 36 55.0 87.40 2.428 133.54 96.50 
19 36 40.0 112.60 3.128 125.12 90.42 
20 36 36.0 107.40 2.983 107.39 77.60 
21 38 39.1 91. 20 2.400 93.84 67.81 
Totals 722 1006.9 1961.3(7) N.A. 2714.13(8) 1961. 3 
--~ .. 
--
N 
00 
m 
the first MPA storage estimate was simply calculated for each 
farm as follows: 
MPA (1st estimate) ~ MPA area * FDO storage FDO area 
This calculation resulted in Column (5) of Table 9.1. 
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It was previously shown in Chapter Eight that the 
FDO system was overdesigned and it seemed reasonable to reduce 
the MPA (1st estimate) of storage on each farm to a level where 
supply and demand of water were more closely matched. Based 
on the analysis of supplemental water requirements reported in 
Chapter Eight (Figures 8.3 and 8.4), it was concluded that the 
gross water requirement for the scheme (at the 80 per cent 
reliability level) is approximately 160 rom, regardless of the 
cropping pattern. Applying this figure to the MPAirrigated 
area gives an annual total storage provision of 1006.9 x 160 
x 10 ~ 1611 roL, neglecting evaporation from storage and rain-
fall input to storage. If rainfall is ignored, it can be seen 
that the FDO storage provision of 1961 mL is capable of provid-
ing a buffer of 1961 - 1611 = 350 mL or 18 per cent of total 
storage for evaporation, a value close to that simulated in the 
FDO (Figure 8.5). Coincidentally then, a more realistic 
estimate of the MPA storage provision can be obtained by scaling 
the MPA (1st estimate) values of Table 9.1 so that the total 
storage provision equals the FDO storage provision of 1961 mL. 
This calculation is shown in Column (6) of Table 9.1. 
9.3.3 Starting Point for EXperimentation 
Thus far, a new irrigated area has been established 
on each farm and the storage provision to satisfy the demand for 
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this new area has been calculated in an approximate but 
realistic fashion. The new storage values should preserve 
consistent risk against shortfall between farms and be closer 
to those values where water supply and demand are closely 
matched. These MPA design parameters, therefore, represent 
a reasonable starting point fOr an experimental program aimed 
at studying the effect of changing the diversion and storage 
design parameters on measures of scheme performance. 
9.4 METHOD OF EXPERIMENTATION 
9.4.1 Experimental Variables 
It was stated earlier (Section 9.2) that the design 
parameters to be manipulated in the search for increased design 
efficiency are those controlling the diversion and storage of 
irrigation water. Two design parameters are defined as follows: 
Diversion Factor (DF) A = B 
Storage Factor (SF) c = D 
where: 
A is the capacity of the diversion system selected for the trial 
B is the capacity of the diversion system assumed to be 
associated with zero shortfalls 
C is the total storage volume in the scheme selected for the 
trial 
D is the total storage volume assumed to be associated with 
zero shortfalls. 
Note that B refers to the maximum rates of divers-
ion from the Weka, Home and Omihi systems used in the FDO (821, 
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226 and 355 lis respectively, see Table 8.3) and therefore a 
Diversion Factor of 0.5 refers to trial flows for the three 
water resources of 410.5, 113 and 117.5 lis respectively. 
D refers to the MPA storage volume of 1961 mL and the selection 
of a Storage Factor of 0.5 involves a value of C of 980.5 mL 
and individual storage volumes for each of the 21 farms equal 
to 0.5 times the values shown in Column (6) of Table 9.1. One 
experiment with the model, therefore, involves the simulation 
of the system with a particular value chosen for the Diversion 
Factor and Storage Factor. 
9.4.2 Experimental Design 
Response surface portrayal of experimental results 
was selected as appropriate for portraying the scheme perform-
ance levels achieved with two design variables, as shown below: 
Diversion 
Factor 
(DF) 
1.O~------------------------------~ 
Values of Response Vector (R) 
plotted at experimental 
points and used to 
construct isolines of the 
Response Surface. 
o ~ ______________________________ ~ 
1.0 o 
Storage Factor (SF) 
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The design of the experiments must therefore initially be con-
cerned with which combinations of the design variables to select 
for simulation runs with the model. 
Two issues are of importance. The experiments 
should explore sufficient of the space to reveal the presence 
of economic maxima. As discussed in Section 9.2 and Chapter 
Eight, however, other measures of scheme performance are equally 
relevant in assessing the implications of altered scheme con-
figurations and for elucidating important characteristics of the 
system. It is therefore necessary to ensure that information 
in addition to the economic performance estimates be obtained 
from the simulation runs. 
Whilst it is not the intention to present the ex-
perimental results in this section, it is necessary to introduce 
sufficient of the results to indicate the method used to select 
the points on the response surface at which simulations were 
run. 
(a) First Experimental Point 
The obvious first experiment with the simulation 
model is at the point on the response surface corresponding to 
(DFI.O, SFI.O), so as to test the reasoning developed in Sect-
ion 9.3 in setting MPA storage volumes. The results of this 
first simulation are in economic, engineering and agronomic 
terms as described in Chapter Eight, Keeping with the order 
that these performance estimates are dealt with in Section 8.4, 
the first point of interest is the agronomic performance of the 
MPA (DFI.O, SFI.O) experiment. Table 8.6 showed the agronomic 
performance of the FDO for all farms for the shortfall years. 
The most severely stressed of all farms shown in Table 8.6 was 
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Farm 15 and Table 9.2 lists the shortfall years in the full simu-
lation period comparison of the results for Farm 15 for the FDO 
and MPA (DFI.O, SFl.O). Table 9.2 shows that the shortfall 
occurrences for Farm 15 are very similar for the two scheme con-
figurations, with the MPA (DFI.O, SFl.O) results showing that 
some of the excess capacity inherent in the FDO has been re-
moved whilst still maintaining an approximately zero shortfall 
situation overall. This confirms the reasonableness of the 
approximations in setting the MPA (DFI.O, SFI.O) sizes. 
Table 9.2: Agronomic Shortfalls for FDO and MPA (DFI.D, SPl.D) 
Systems for on Inoicator Farm (Farm No. 15). 
Percentage of Plateau Yield Achieved 
Shortfall For Crops Shown System Year 
SW B GP WC P GF 
1933/34 75 80 77 100 100 100 FDQ 
54 63 77 100 100 100 MPA (DF 1. 0, SF 1. 0 ) 
1934/35 100 100 100 100 100 100 FDQ 
100 100 100 92 100 100 MPD (DF1. 0, SF1. 0) 
1964/65 100 100 100 100 100 100 FDQ 
100 100 99 85 100 100 MPD (DF1.0, SF1.0) 
1969/70 88 91 100 83 100 100 FDQ 
54 64 82 53 100 100 MPA (DF1. 0, SF1. 0) 
As would be expected, the economic performance of 
the MPA (DFl.O, SFI.O) is superior to the FDO results. Table 
9.3 lists the National Viewpoint economic results using the 
same assumptions and methodology described in Chapters Seven and 
Eight. Economic performance has therefore been improved. 
Table 9.3: Economic Performance for FDO and MPA (DFl.O, SFl.O) Systems 
Option System NPV (1000 $) at Interest Rate Shown 5 6 7 8 9 10 11 12 13 
1165 860 618 425 269 142 36 -51 -124 
FDO 
1 73 67 62 58 55 52 50 48 46 
(pessimistic) 
1597 1207 898 650 450 286 150 38 -57 
MPA (DF1.0, SF1.0) 
87 80 74 69 66 52 60 57 55 
1289 967 710 501 329 186 67 -35 -122 
FDO 
2 77 71 67 63 60 58 55 54 52 
(optimistic) 
1773 1363 1034 768 549 368 215 85 -26 
MPA (DFl.0, SF1.0) 
91 85 80 76 72 69 67 65 63 
~~ 
----- ---------
14 15 
-186 -239 
44 43 
-138 -206 
53 52 
-198 -264 
51 49 
-122 -206 
62 61 
IRR 
% 
11.41 
0.55 
12.39 
0.59 
11.65 
0.55 
12.77 
0.60 
1J 
0 
l.l 
o ' 
l.l 
01 
l.l 
0 
N 
\0 
N 
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In looking at the engineering performance of the 
two systems, the frequency of various conditions of monthly 
storage status of the darns filled from the Weka source is 
illuminating. Table 9.4 shows that the MPA (DFl.O, SF1.0) 
system operates hydrologically in a very similar fashion to the 
FDO system, but with longer periods below full storage status. 
Even so, the shortfall occurrences in the MPA (DF1.0, SFl.O) 
are still relatively insignificant. 
(b) Subsequent Experimental Points 
Having established a more efficient system design 
at (DFl.O, SFI.O), the problem of selecting further points 
for experimentation has to be tackled. A relatively complete 
factorial design to cover the response space at increments of 
0.1 in the design variables would involve in excess of 50 en-
counters with the model, which was economically prohibitive 
within the budget constraints of the thesis work. These con-
straints, together with the problems of identifying anyone 
measure of scheme performance as a suitable objective function, 
also contra-indicated the use of any automatic optimisation 
approach. The procedure used for selecting the experimental 
points involved subjective considerations based on judgement and 
experience, as described below. 
The second, third and fourth experimental points 
were selected at (DFO.8, SFO.8), (DFO.8, SFO.6), and (DFO.6, 
SFO.8) for exploratory purposes. It is inappropriate to pres-
ent the full set of results at this point (they are discussed 
fully and for other purposes in Section 9,5) but some general 
observations can be made. The agronomic shortfalls from these 
3 experiments indicated a greater sensitivity to Storage Factor 
Table 9.4: Engineering Performance for FDO and MPA (DFI.O, SFI.O) System 
Monthly System Number of Occurrences (Total 45) for Month Shown Storage St.atus J J A S 0 N D J F M 
FDO 28 34 38 38 41 39 26 22 18 12 
Always Full 
MFA (DFl. 0, SFl. 0) 26 34 39 39 41 40 27 20 16 13 
FDO 0 0 0 0 0 0 0 0 0 0 
Always Empty 
MFA (DFl.O, SFl.O) 1 1 0 0 0 0 0 0 1 1 
FDO 17 11 7 7 4 6 19 23 27 33 
Below Full 
MFA (DFl.O, .SFl.O) 18 10 6 6 4 5 18 25 28 31 
A 
15 
14 
0 
2 
30 
29 
M 
26 
22 
0 
1 
19 
22 
tv 
I.D 
~ 
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reduction than to Diversion Factor reduction, which was con-
sistent with the analyses of storage status indicating hydrologic 
shortfalls. National Viewpoint economic results (NPV at var-
ious interest rates and IRR to a lesser extent) also indicated 
improvements in performance with reductions in system size 
(smaller DF, SF), with most improvement being in the direct.ion 
of smaller storage provision. 
A further four runs were possible within the bud-
get constraints of the study. These were made individually 
and the results in agronomic, economic and engineering terms 
were carefully analysed after each run. Subsequent experi-
mental points were selected on the basis of the response surface 
gradients of the NPV and IRR surfaces, and judgement as to 
whether the planned simulation run was liable to explore import-
ant characteristics of the system in agronomic and engineering 
terms. The full results of this experimental program are given 
in the next section. 
9.5 EXPERIMENTAL RESULTS 
9.5.1 Agronomic Results 
(a) SimuZation Output 
The agronomic results obtained from the simulation 
model were presented at end of each simulation year for each 
farm (21 in all) and for each crop grown on each farm. A 
sample of these results is shown in Figure 9.1. The yield 
figures shown there are in units of crop yie~d from the paddocks 
growing the crop. Each paddock yield is some percentage (often 
100 per cent) of the per hectare plateau yield, and the occurrence 
Figure 9.1: Sample Agronomic Results from the Systems Model 
Note: Percentage of Plateau Yield for Farm No. '15 shown for(DFO.25, SFO.25) option 
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of shortfall yields was found to be a useful indicator of system 
shortfalls. These shortfall yields were located manually after 
each run as shown on Figure 9.1. Space precludes presentation 
of the full results. 
(b) Analysis of simulation Output 
To give some overall perspective to the pattern in 
the agronomic results and for the purpose of later discussion, 
summary result information has been prepared. As discussed 
earlier, crop yields from Farm No. 15 are sensitive indicators 
of the performance of other farms. The agronomic performance 
of Farm No. 15 is presented in Table 9.5, which is similar in 
format to Table 8.6 presented in Chapter Eight, but requires 
further explanation. 
The crop set used in Table 9.5 (Spring Wheat, Bar-
ley, Garden Peas, White Clover, Pasture and Greenfeed) applies 
specifically to Farm No. 15. Blank spaces in the table repres-
ent the achievement of 100 per cent of plateau yield for the 
'crop/year combination listed. Figures shown are the percentage 
of plateau yield during a shortfall. The results are shown for 
the full set of MPA simulations for each year of the simulation 
period. 
The last six columns (in the group headed 'Zero 
H a') refer to the agronomic performance of the crops shown when 2 
grown without irrigation. These yield percentages are there-
fore the dryland performance of the crops and as such provide 
insight into system operation when compared with the yields 
achieved with limited irrigation water, as discussed later. 
In order to appreciate the agronomic performance 
over the full period of simulation, a weighted mean crop yield 
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for each experiment has been prepared from the information in 
Table 9.5. This has been presented as a response surface in 
Figure 9.2. 
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Figure 9.2: Response Surface Portrayal of Weighted Mean Crop 
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Farm (Farm No. 15) 
9.5.2 Engineering Results 
(a) Simulation Output 
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The engineering information contained in the simu-
lation output was designed to give useful information about the 
status of the water resource, diversion system and on-farm stor-
ages. An example is contained in Figure 9.3. Monthly summary 
Figure 9.3: Sample Engineering Results from the Systems Model 
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information of several sorts is presented. Columns (3) to (10) 
are the to tal monthly volume 0 f water in M3 associated with the 
water resource. These are detailed in Chapter Eight, but 
basically are designed to show how much water is still available 
at the water resource for increased diversion, if this is deemed 
necessary. Columns (11), (12) and (l3) are the total monthly 
volumes of water spilled from the dams served by each of the 
three water resources. As well as indicating full storage 
status, these results also allow an assessment of whether sur-
plus water from one period could be carried through to another 
by increasing storage volumes. Column (14) is the total 
evaporation loss from all dams in the system. It is a useful 
surrogate for below full status and a direct indicator of empty 
storage status. 
(b) AnaZysis of SimuZation Output 
The difficulties of presenting monthly information 
for all simulation runs are obvious, so summary information was 
prepared for the purpose of discussion. This information is 
contained in Table 9.6 and Figures 9.4 (a) to (g). 
Table 9.6 is a simulation - specific monthly sum-
mary of the number of months when the storage status of the 
Weka dams was at one of three possible levels - full, empty or 
between full and empty. Figures 9.4 (a) to (g) present the 
information for selected months in a response surface format for 
later discussion. 
Table 9.6: Engineering Performance Summary for all Simulation Runs 
. 
-
Monthly Storage Number of Occurrences (to total 45) 
System For Month Shown Status 
JI I J A S 0 N D J F 
FDO 28 34 38 38 41 39 26 22 18 
Always MPA (DF 1.0, SF 1.0) 26 34 39 39 41 40 27 20 16 
Full DF 0.8, SF 0.8 26 33 38 38 40 39 26 19 15 
DF 0.8, SF 0.6 27 34 39 39 41 39 27 18 15 
DF 0.6, SF 0.8 25 33 38 38 41 40 27 19 15 
DF 0.72, SF 0.5 27 35 39 39 41 39 26 20 17 
DF 0.65, SF 0.3 28 35 39 39 41 37 26 21 18 
DF 0.5, SF 0.5 26 34 37 38 41 39 26 20 15 
DF 0.25, SF 0.25 28 34 39 39 41 39 26 28 26 
FDO 0 a a a a a a a a Always MPA (DF 1.0, SF 1.0) 1 1 a a a a a a 1 Empty DF 0.8, SF 0.8 3 3 1 a 0 a 0 1 1 
DF 0.8, SF 0.6 5 3 1 0 a 0 1 2 4 
DF 0.6, SF 0.8 3 3 1 a a 0 0 1 1 
DF. 0.72, SF 0.5 5 3 1 a a 1 1 2 4 
OF 0.65, SF 0.3 11 7 4 2 2 2 1 10 15 
DF 0.5, SF 0.5 8 4 2 1 1 1 1 2 6 
DF 0.25, SF 0.25 14 8 5 2 2 2 1 13 15 
FDO 17 11 7 7 4 6 19 23 27 Below MPA (DF 1.0, SF 1.0) 18 10 6 6 4 5 18 25 28 Full DF 0.8, SF 0.8 16 9 6 7 5 6 19 25 29 
DF 0.8, SF 0.6 13 8 5 6 4 6 17 25 26 
OF 0.6, SF 0.8 17 9 6 7 4 5 18 25 29 
DF 0.72, SF 0.5 13 7 5 6 4 5 18 23 24 
OF 0.65, SF 0.3 6 3 2 4 2 6 18 14 12 
DF 0.5, SF 0.5 11 7 6 6 3 5 18 23 24 
DF 0.25, SF 0.25 3 3 1 4 2 4 18 14 14 
M A 
12 15 
13 14 
12 14 
12 15 
12 13 
12 15 
12 17 
12 13 
12 16 
0 a 
1 2 
3 4 
6 8 
3 4 
6 8 
15 14 
8 9 
16 16 
. 
33 30 
31 29 
30 27 
27 22 
30 28 
27 22 
18 14 
25 23 
17 13 
I , 
--
M 
·26 
22 
22 
24 
21 
25 
26 
21 
·25 
a 
1 
3 
:6 
3 
:6 
13 
8 
16 
19 
22 
20 
15 
21 
14 
6 
16 
4 
-- -
w 
o 
"-l 
(Il) January (total 45 montl1s) 
1.0 
.9 
.8 
0;-
e. .7 
.. 
0 
.6 
... 
\ 
u 
.. 
.. 
.5 
c 
0 
.4 ... \. 
'" .. .. 
.. 
.3 > 
... 
c 
.2 
\... ~'S 10 
.$ t5 ~ 
.1 
.1 .2 .3 .4 .5 .6 .7 .8 .9 LO 
Storage Factor (SF) 
(b) February (total 45 montl1s) 
1.0 
.9 
lL_ 
/ 
.8 
~ .7 
, I 
E \ \ 1 \ 
.. .6 0 
.. 
u 
.5 .. 
.. 
c 
.4 0 
... 
.. 
\ \ \ 
i'-. 10 
( ~ZO 15 
.. 
.3 .. 
> 
... 
c 
.2 
$ I Z5 
'30 
.1 
.. 1 .2 .3 .4 .5 .6 .7 .8 .9 1.0 
Storage Factor (SF) 
(c) March (total 45 months) 
1.0 
• 9 
, 
.8 
0;-
.7 e. 
.. 
.6 0 
" u ~ 
.5 .. 
c 
0 
.4 ... 
.. 
.. 
.. 
.3 > 
... 
Q 
• 2 
lL.ll 5 
, \ \ VI 
\ \ JO 
\; ~ ..... ~ 
I' 2S 
$ .. P 35 
.1 
.1 .2 .3 .4 .5 .6 .7 .8 .9 1.0 
Storage Factor (SF) 
(d) April (total 45 months) 
1.0 
.9 II , 
.8 
;;; 
.7 e. 
. I \5 
I 
.. 
.6 0 
" u 
" 
.5 
.. 
c 
0 
.4 ... 
.. 
.. 
.. 
.3 
> 
... 
Q 
.2 
.... 10 
r" 15 ZO 
.... 
'u 
'35 3C 
.1 
.1 .2 .3 .4 .5 .6 .7 .8 .9 LO 
Storage Factor (SF) 
Figure 9.4: 
303 
Response Surface Portrayal 
of Engineering Performance 
for Selected Months 
10: Percentage of months when 
storages are empty 
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9.5.3 Economic Results 
(a) Simulation Output 
The simulation model output for economic purposes 
was an 'unmodified' net cash flow stream. This cash flow 
stream was combined with cost items representing capital cost 
inputs over the development period and an assessment of the 
effects of the transition from dryland to irrigated farming. 
This aspect is detailed in Chapter Seven, but the point is that 
further discounted cash flow analysis and statistical treatment 
of the results was required before the full economic performance 
estimates were available. 
(b) Analysis of Simulation Output 
As described in Section 7.4 of Chapter Seven, 
each cash flow was statistically analysed to determine its 
probability distribution. The results of this analysis are 
given in Table 9.7. 
Table 9.7: Cash Flow Statistics for All Simulation Runs 
Cash Flow Statistics ($1000) 
System Irrigated Dry1and Net 
~ cr " ( 1) ~ cr p ~ cr 
" FDO 244.9 18.6 0.70 103.6 33.5 0.79 141.3 25.7 0.99 
MPA 
DF SF 
1.0 1.0 325.5 35.3 0.76 144.4 46.7 0.79 180.0 30.5 0.52 
0.8 0.8 324.2 39.8 0.95 179.8 31.8 0.82 
0.8 0.6 320.7 46.4 0.95 176.3 34.2 0.95 
0.6 0.8 324.3 40.2 0.94 179.9 32.3 0.85 
0.72 0.5 317.8 48.7 0.97 174.1 34.2 0.95 
0.65 0.3 310.0 54.9 0.96 166.2 34.2 0.99 
0.5 0.5 319.6 48.7 0.98 175.2 34.8 0.90 
0.25 0.25 309.1 57.0 0.91 144.4 46.7 164.7 34.2 0.86 
(1) ~ r is probability of being incorrect if the null hypothesis that the 
sample is from a Normal distribution is rejected, based on 
Li11iefors Goodness of Fit test. 
CV% 
18.2 
16.9 
17.7 
19.4 
17.9 
19.6 
20.6 
19.9 
20.8 
Table 9.8 lists the full results of the analysis 
of the simulated cash flow streams. Shown are the mean and 
standard deviation of NPV at eleven discount rates and mean 
and standard deviation of IRR for each simulation. 
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Figures 9.5 (a) - (k) and 9.6 (a) - (k) are 
response surface representation of the mean NPV values of the 
tabular results. Figures 9.7 (a) and (b) similarly treat the 
IRR results. 
9.6 DISCUSSION OF EXPERIMENTAL RESULTS 
9.6.1 Scope 
The experimental results presented in Section 9.5 
are reviewed and discussed in this section for the purposes of 
seeking a more efficient design solution for the scenario 
described in Section 9.3, and to gain a better understanding of 
the system characteristics. The discussion is developed by 
first considering the National Viewpoint economic results and 
leading on to the implications of various system configurations 
for the farmer. 
9.6.2 National Viewpoint Economic Performance 
(a) Comparing the FDQ and MFA ResuZts 
In assessing the benefits to the Nation of the new 
scheme configurations, the first comparison that must be made 
is between the family of MPA simulations and the FDQ simulation 
of the TDS, for a major purpose of this study was to see if im-
provements could be made to the final design of the Glenmark 
Project (the TDS). 
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F~gure 9.5: Response Surface Portrayal of NPV for Pessimistic option 
1610: NPV ($1000) 
(a) Interest Rate 5 per cent (d) Interest Rate 8 per cent 
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Figure 9.5: (cant I d) 
(g) Interest Rate 11 per cent (j) Interest Rate 14 per cent 
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Figure 9.6: Response Surface Portrayal of NPV for Optimistic Option 
1820: NPV ($1000) 
(a) Interest Rate 5 per cent (d) Interest Rate 8 per cent 
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Figure 9.7: Response Surface ;Portrayal of IRR (%). results: 
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, Exper:imental 
Point 
Looking first at the IRRresults,the figures 
listed in the IRR column in Table 9.8 show that all MPA simu-
lations gave higher IRR estimates than the FDO. Whereas the 
IRR for the FDO was 11. 4 per cent, the range for the MPA were 
12.4 to 15.4 per cent for the pessimistic option and 12.8 to 
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16.2 per cent for the' optimistic option. Despite the evidence 
of shortfalls in agronomic performance for the smaller MPA 
systems shown in Table 9.5 and discussed later, the variability 
in IRR estimates (as measured by the standard deviation) is 
similar for the FDO and all MPA systems. A similar comment 
could be made in respect of the NPV estimates for the FDO c.f. 
MPA systems shown in Table 9.8. At all interest rates MPA 
system NPV estimates are higher than the FDO estimate, and the 
variability is similar. 
The conclusion reached from this limited perspect-
ive then, is that improvements in economic performance, from 
the levels estimated for the FDO, will result from system con-
figuration changes to anyone of the MPA sys.tems. 
(b) Comparisons Within the MFA Systems 
(i) IRR Comparisons: The results in Table 9.8 
show that there are no significant differences in the variability 
estimates of NPV and IRR for any of the MPA systems, regardless 
of the scheme initiation options (Options 1 and 2). This means 
that the greater variability inherent in the benefit streams 
associated with smaller MPA systems (e.g. DFO.25, SFO.25) are 
not reflected in the parameters of discounted cash flow analysis, 
even at the lower interest rates where benefit stream differences 
are more likely to be important. The conclusion reached here is 
that the National Viewpoint attitude towards the risk of achiev-
Table 9.8: Economic Performance Results for all Simulation Runs 
NPV ($ 1000) at Interest Rate Shown 
Option System 5 6 7 8 9 10 11 12 
].l a ].l a ].l a ].l a ].l a ].l a ].l a ].l a 
FDO 1165 73 860 67 618 62 425 58 269 55 142 52 36 50 -51 48 
1 MPA DF SF 
1.0 1.0 1597 87 1207 80 898 74 650 69 450 66 286 62 150 60 38 57 
(Pessi- 0.8 0.8 1670 87 1279 80 970 74 722 70 521 66 357 62 221 59 107 57 
mistic) 
0.8 0.6 1700 90 1316 82 1012 76 768 71 570 66 408 63 274 60 161 57 
0.6 0.8 1709 88 1317 81 1007 75 759 70 557 66 3Q2 63 255 60 141 57 
, 0.72 0.5 1713 89 1334 81 1033 75 791 70 595 66 435 62 302 59 191 56 
0.65 0.3 1664 88 1301 80 1013 74 782 68 595 64 441 61 314 57 207 55 
0.5 0.5 1751 91 1369 83 1065 76 822 71 625 67 463 63 329 60 217 57 
0.25 0.25 1698 87 1338 79 1052 73 822 68 636 64 483 60 357 57 251 55 
FDO 1289 77 967 71 710 67 501 63 329 60 186 58 67 55 ':"35 54 
2 MFA DF SF 
1.0 1.0 1773 91 1363 8S 1034 80 768 76 549 72 368 69 215 67 85 65 
(Opti- 0.8 0.8 1841 92 1432 85 1105 80 840 75 622 72 441 69 288 66 159 64 
mistic) 0.8 0.6 1885 94 1484 87 1162 81 901 77 687 73 509 70 360 67 233 65 
0.6 0.8 1883 93 1483 86 1155 80 889 76 671 72 489 69 337 67 207 65 
0.72 0.5 1900 94 1503 86 1186 81 928 76 717 72 541 69 393 66 268 64 
0.65 0.3 1849 93 1470 86 1167 80 921 75 719 72 551 68 410 66 290 64 
0.5 0.5 1941 95 1542 88 1222 82 963 77 750 73 573 70 424 67 298 65 
0.25 0.25 1886 93 1511 86 1210 80 967 75 767 72 601 69 461 66 342 64 
~--
13 14 
1-1 a 1-1 a 
-124 46 -186 44 
-57 55 -138 53 
12 55 -69 53 
67 55 -13 53 
45 55 -36 5r 
97 54 18 52 
118 52 41 50 
122 55 42 52 
161 52 85 50 
-122 52 ..,.198 51 
-26 63 .. 122 62 
49 62 .-47 61 
124 63 30 61 
96 63 o 61 
160 62 67 60 
187 62 98 60 
190 63 96 61 
240 62 152 60 
15 
].l a 
-239 43 
..,.206 52 
-138 51 
-81 51 
-106 51 
-50 50 
-24 49 
-27 51 
20 48 
-264 49 
-206 61 
"""130 59 
53 59 
-84 60 
-14 59 
21 59 
15 59 
75 59 
IRR 
% 
1-1 a 
il.4 0.5 
12.4 0.6 
13.1 0.6 
13.8 0.7 
13.5 0.7 
14.3 0.7 
14.6 0.8 
14.6 0.8 
15.4 0.8 
11.6 0.5 
12.8 0.6 
13.5 0.6 
14.4 0.7 
14.0 0.7 
14.8 0.8 
15.3 0.8 
15.2 0.8 
16.2 0.9 
LV 
~ 
N 
ing certain l.evels of economic performance is immaterial, as 
the risk levels are low and the same for all MFA systems. 
Based on the IRR results in Table 9.8 and shown 
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as response surfaces in Figures 9.7 (a) and (b), National View-
point would be best served by the smallest of MPA systems. 
The IRR surfaces show a seemingly unstoppable desire to rise 
as system size is reduced. As the crop yield performance of 
the smallest MPA system (DFO.25, SFO.25) is very little dif-
ferent from the crop yield performance with zero water, the 
suggestion in the IRR results is that the best irrigation 
scheme is no irrigation scheme at all, simply a switch to the 
new spring-sown crops under dryland conditions. 
Over the reliably defined portion of the IRR 
response surfaces shown in Figures 9.7 (a) and (b), it is 
difficult to discern any difference in sensitivity to either 
DF or SF. This is different to the results discussed later 
in respect of agronomic and engineering performance, which 
showed more sensitivity to SF. This sensitivity is obviously 
insufficient to influence heavily buffered economic parameters 
such as IRR, especially when these IRR values are high (> 10%), 
and are thus less liable to be influenced by benefit stream 
changes. 
(ii) NPV Comparisons: Discussing 'first the NPV 
results for interest rates in excess of (say) 10 per cent, two 
features are worthy of mention. Firstly, no maxima are 
evident on the response surfaces shown in Figures 9.5 and 9.6, 
which indicate, especially for the higher interest rates, a 
similar tendency as IRR to increase as system size is r~duced. 
A consistent feature is the apparent change in the surface for 
SF and DF values below the line DF = SF (i.e. at 450 ). Below 
this line decreases in SF indicate improvements in NPV, but 
decreases in OF suggest reductions in NPV. This effect is 
also present for lower interest rates, but it should be noted 
that the surface is poorly defined in this region, because of 
the computing cost constraints mentioned earlier, and as a 
consequence may not be ,as pronounced as shown on the response 
surfaces. Later material to do with engineering performance 
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is supportive of this tendency, how€ver, and if the feature is 
as shown, it reveals that OF becomes an important and influent-
ial parameter below certain SF values. The implication for 
design is that capital cost reductions can be made by diversion 
rate reductions without affecting economic performance or en-
gineering reliability, but there is a lower limit to the SF/OF 
combination where this is true. 
A change in the response surfaces for both options 
is evident for interest rates below 10 per cent. A small 
maxima on the surface occurs for i = 5 per cent at (OF 0.5, 
SF 0.5) which becomes less pronounced and degenerates with in-
creasing i to a flat plateau at around i = 8 per cent. This 
maxima is never more than 10 per cent above the lowest NPV on 
the surface (at OF 1.0, SF 1.0) so is not of great economic 
importance to National Viewpoint considerations. It is import-
ant, however, as it shows that the benefit stream reductions for 
the smaller MPA systems are detectable at low interest rates. 
In fact it is the only supportive economic result that gives a 
hint to the true nature of the shortfall situation that exists 
with the smaller MPA systems. The point is made here that 
National Viewpoint analyses that rigidly adhere to NPV calculat-
ions for interest rates in excess of 10 per cent, for whatever 
reason, are unlikely to pick up the effect of trading off 
capital works against a less reliable benefit stream. It is 
also clear that very little about the system is revealed by 
these discounted cash flow analyses and that other measures 
of scheme performance are required to complete the analysis. 
9.6.3 Engineering Performance 
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Table 9.6 lists the number of months when storages 
in each system are always full, always empty or below full 
status. 
An examination of the number of months when the 
storages are always full reveal s that this storage condition 
occurs just as frequently with the smaller MPA systems as with 
the larger systems. A reasonable assumption to make during 
these months is that water demand is fully met. Further, the 
storage status in the months that are of importance in determin-
ing the yield of a particular crop, could be expected to indic-
ate the number of years in which plateau yields are achieved. 
By way of example, spring-sown crops whose main water require-
ments occur in the months up to and incl uding December, should, 
by reference to Table 9.6, have approximately 26 plateau yield 
occurrences. This number is based on the smallest number of 
months at full storage status in the period up to and including 
December. Because of the consistency in achieving full storage 
status as revealed in Table 9.6, any differences in agronomic 
performance between the MPA systems must lie elsewhere. 
The results showing the number of months when 
storage'status is always empty are quite different between the 
MPA systems. The similarity of the zero shortfall FDQ simulat-
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ion and the MFA (OF 1.0,. SF 1.0) i,s worthy of note , as well as 
the relatively high number of occurrences of empty storage status 
for the smaller MPA sys.tems. The results also show the in-
sensitivity of empty storage status to diversion rate. Explor-
ing this point further, reference is made to the response sur-
faces of empty storage status for selected months shown in 
Figures 9.4 (a) to (g). Taking the response surface for the 
month of January, several features can be noted. First, empty 
storage status is an infrequent occurrence for the MPA systems 
with SF and OF greater than 0.5. For smaller systems, the 
frequency of empty storage status increases rapidly as system 
size is reduced. The final point to no.te is the insensitivity 
of the surface to OF values as long as OF lies above the line 
OF = SF, and OF > 0.5. Below this line, reductions in OF incur 
increases in the frequency of empty storage status. This 
result is consistent wi ththe point raised in Section 9.6.2 
where similar reductions in OF were observed to reduce NPV 
estimates. The response surfaces for the months February 
through July exhibit a similar feature and are overall quite 
alike apart from July. The frequency of empty storage status 
in July is noticably less than for the preceding months, intro-
ducing the period of least likelihood of empty storages from 
August through to December (see Table 9.6). 
Storage status below full shows how this status 
dominates the period December through to June. This status 
for high values of SF is less likely to result in crop yield 
shortfalls than for the low values of SF. The overall monthly 
pattern of the occurrences of this status shows up the regular 
pattern of storage replenishment in the late winter, early 
spring with subsequent depletion on into the following autumn. 
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9 . 6 .4 Agronomic Perfo rmance 
The similarity between the agronomic performance 
of the FOO and the starting point for MPA simulations (OF 1.0, 
SF 1. 0) has already been demonstrated and discussed in Section 
9.3.3. 
Looking now at the results for the family of MPA 
systems summarised for a typical farm in Table 9.5, the follow-
ing observations can be made. 
Comparing the results for the same OF and lowered 
SF values using (OF 0.8, SF 0.8) and (OF 0.8, SF 0.6) as examples, 
the effect of storage size reduction is to introduce additional 
spring crop shortfall s and to increase in s.everi ty and number 
the yields dependent on autumn irrigations. 
Th~ general features described in the preceding 
paragraphs are evident in all the simulations of crop yield, the 
results consistently showing sensitivity to storage provision. 
The response surface of weighted mean crop yield 
presented in Figure 9.2 shows the general nature of the effect 
of OF and SF on agronomic performance. The characteristic in-
sensitivity of agronomic performance to changes in OF above the 
line OF = SF, OF > 0.5 is evident in this surface as it was in 
the economic and engineering results~ Values of OF below this 
space, however, g.ive rise to reductions in weighted ·mean crop 
yield as severe as those associated with SF reductions. This 
result is also in agreement with those obtained in the economic 
and engineering results. 
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9 • 6 • 5 F"armer Viewpoi"nt Considera"tions 
(a) The T~ade-Off P~obZem 
Irrigation system designs that maximise the return 
to the Nation may disadvantage the participating farmers. This 
situation arises in the New Zealand context because of the sub-
stantial subsidy provisions available for community irrigation 
schemes and the relatively high social discount rate used in 
economic calculations. At the time of writing, these provis-
ions involve complete subsidy by the Nation of approved head-
works, 2/3 subsidy for scheme works within the scheme area, and 
up to ~ subsidy for on-farm development. Therefore, reductions 
in scheme works expenditure, whilst of possible economic advant-
age to the National Viewpoint, are liable to reduce the financial 
return to the farmer and to increase the risk of farm income 
shortfalls. There is no evidence that this problem has been 
obje9tively tackled in New Zealand. Work is described here 
that uses the findings of the simulation experiments to clarify 
the issues involved. 
(b) Effect of System Changes on Ave~age Net 
Fa~m Incomes 
The results of the simulation model could be used 
to prepare farm budgets based on gross margins for each farm 
under any irrigation system investigated. This would show 
precisely the on-farm implications of system changes, but the 
work involved was not justified for this study. 
A reasonable indica tor oJ the effects on farm in-
come is the unmodified cash flow streams produced by the simulat-
ion model. These cash flows do not take account of any capital 
inputs and therefore represent a more attractive situation than 
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is real, as farmers are liable for some small proportion of 
capital works expenditure. This should not be important, how-
ever, as the variables manipulated in the experiments control 
scheme works that are financed largely by the Nation. 
Table 9.7 lists the statistics of the net cash 
flows associated with each system investigated, according to 
equation 7.1 in Chapter Seven. The" change from the FDO to 
MPA (DF 1.0, SF 1.0) has a dramatic effect (+27%) on farmer in-
come, so what has been shown to be good for the Nation has also 
improved the farmer situation. Shifting from the zero short-
fall situation (DF 1.0, SF 1.0) to the smallest system (DF 0.25, 
SF 0.25) involves a reduction of less than ten per cent" in 
average annual net income, with some increase in risk evidenced 
by the 4 per cent increase in coefficient of variation. These 
reductions in farm income are not sufficient to indicate that 
any major disadvantages to the farmer are liable to be associated 
with system changes of benefit to the Nation. 
(c) Effect of System Changes on Annual Gross 
Farm Incomes 
Evidence was presented in previous sections of this 
chapter that severe shortfalls in engineering and agronomic per-
formance occur with the smaller MPA systems. These are barely 
detectable in the National Viewpoint economic analyses and do 
not appear in the average net farm income analysis just reviewed. 
A farmer in the New Zealand situation is interested 
not only in average net income over a period, but the risk of 
years when annuc;l.l incomes are low. How important a particular 
reduction may be depends on the farmer's financial and equity 
circumstances. In searching for some parameter that reflects 
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unsatisfactory annual performance in farm income, discussions 
were held with farm financial experts. The surrogate parameter 
selected clearly had to be based on annual performance, as this 
is the key planning horizon for most farmers. It was decided 
that risk could be demonstrated in a general fashion, by por-
traying the chance of getting annual gross incomes < 90 per 
cent of what was achievable in any year if adequate system 
capacity was provided. 
Consequently, an analysis was performed on the 
gross income estimates for each year of each simulation run, and 
the number of years when gross income was less than or equal to 
90 per cent of the income generated by a plateau yield situat-
ion, were determined. These resul ts are shown as a response 
surface in figure 9.8. 
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It is clear from Figure 9.8 that the nature of 
this response surface is identical to those for other parameters 
identified previously. Risk increases rapidly for any system 
with SF < 0.5 or a~y system with DF < 0.5. A stable and 
acceptable design point occurs at (DF 0.6, SF 0.6). If the 
surrogate measure of risk is reasonable, farmers could fairly 
agree that system sizes less than this are too risky. 
9. 7 SPECIFIC FINDINGS OF THE GLENMARK EXPERIMENTS 
Based on the discussion of the experimental results, the 
following detailed conclusions were reached about the design 
of the Glenmark water harvesting scheme. 
a) All measures of scheme perfOrmance can be improved or 
maintained by a system design -change from the TDS to the 
MPA (DF 1.0, SF 1.0) system. National viewpoint economic IRR 
can be lifted from 11.4 per cent to 12.4 per cent; NPV at an 
interest rate of 10 per cent can be increased from $141,700 to 
$286,000; and there is no detectable change in the risk of 
achieving these performance levels associated with the system 
change. Average net farm income levels are also improved by 
some 27 per cent because of the chang,e,with no loss of reliabil-
ity. Engineering and agronomic performance of the changed 
system are comparable to the TDS for the assumptions made in 
the experimental scenario, but it is recognised that the changed 
system has less capacity to satisfy higher water demands if 
these be imposed by a change in the crops grown. 
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b) Further improvements in National Viewpoint economic per-
forman"ce of "the" MPA syst"emsresult" with decreased in-
storage provision and diversion rate. This is true for IRR 
for all the changes in OF and SF explored. NPV is lowered 
for reductions in OF in the region (OF < 0.5, SF < 0.5). 
c) National Viewpoint economic performance of the MPA systems 
is most sensitive to changes in storage provision for the 
full range of studies, and shows increasing sensitivity to 
diversion rate when SF and OF are less than 0.5. 
d) The improvements in National Viewpoint economic performance 
referred to in (b) above are achieved at the expense of 
the engineering and agronomic performance levels, but with little 
effect on the average net farm incomes. 
e) The most important effect of reducing OF and SF is to in-
crease the risk of getting annual farm incomes that may 
be unacceptable to the farmers. This risk increases rapidly 
for scheme sizes below (OF < 0.5, SF < 0.5). 
f) A compromise between the desire to maximise National View-
point economic performance and to maintain acceptable 
returns and risk levels to the farmers probably exists with a 
scheme at (OF 0.6, SF a.6). 
In terms of practical importance, the conclusions reached 
as a result of the simulation study allow very significant im-
provements to the irrigation scheme being studied. It is worth 
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noting here that subsequent design changes have been made to 
the Glenmark Irrigation Scheme based on this work. These 
changes, involving an increase of irrigated area from 722 ha 
(the TDS) to some 1300 ha, with appropriate storage provision, 
were able to be made prior to commencement of major scheme 
works construction (early 1981). 
9.8 GENERAL FINDINGS OF THE GLENMARK EXPERIMENTS 
a) The experiments reported in this chapter reinforce the 
earlier findings of Chapter Eight that use of traditional 
design methods is likely to result in overdesign of the struct-
ural facilities of water harvesting schemes. The reason for 
this is the inability of traditional methods to accommodate the 
dynamic aspects of water supply and demand. Overdesign 
resul ts from the compounding conservatism of the assumptions 
used in traditional methods to approximate the dynamics of 
system operation. 
b) A systems model based upon daily simulation of system 
operation is a better alternative approach to the design 
problem, resulting in a more efficient design solution. To 
fully explore the information require,d for decision-making, the 
systems model should be inter-disciplinary in character, embody-
ing a balanced representation of the engineering, agronomic and 
economic relationships of importance. 
c) Important characteristics of water harvesting schemes 
were revealed during the experiments with the systems 
model. The two general comments that follow are applicable to 
many areas of New Zealand where water harvesting is liable to 
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be contemplated, and ·are based on the experience gained in this 
study. 
i) The amount of on-farm storage is more important than 
the diversion rate from supplying streams in determining the 
reliability of meeting irrigation demand, for the following 
reasons. 
Water harvesting schemes will normally depend upon surface 
water resources that are non-perennial. Water for storage 
replenishment will be available only during periods of flood or 
fresh in these streams, and in these periods rates of flow will 
be well in excess of the capacity of any practicable diversion 
system. Periods of low or zero flow are hence the dominant 
hydrologic influence on the pattern of storage replenishment. 
Scheme reliability during periods of low replenishment is there-
fore determined by the volume in storage at the start and 
irrigation demand during the period. 
ii) Better economic performance will result from a scheme 
that has a ratio of storage provision to irrigated area that is 
less than that required to maximise irrigated crop yield or dry 
matter production. This finding is similar in principle to 
that of Rydzewski and Nairizi (1979) who showed increased 
economic' benefit by deliberately underwat~ring a large area from 
a fixed water supply. In the water harvesting situation, the 
cost of storage provision is a relatively high component of 
total scheme costs. Reduction in storage provision introduces 
significant capital savings with a less important effect on the 
irrigated benefit stream, especially in areas where supplemental 
rainfall is important. 
325 
d) For any irrigation scheme where planned water shortfalls 
are involved, conventional CBA calculations of NPV and 
IRR are inadequate measures of scheme performance if. viewed in 
isolation from other indicators. In all such situations, 
particular regard must also be given to some measure of risk to 
the farmer, and for water harvesting schemes in particular, an 
understanding of the engineering and agronomic operation of the 
system is important. 
e) A hierarchical approach to the design of water harvesting 
schemes using the systems model is indicated. Scheme 
components are initially sized from the farm level through the 
water resource level based on achieving water non-limiting 
yields. This is a convenient starting point for a design pro-
cess which systematically looks at the effects on various meas-
ures of scheme performance of inducing certain key components. 
A formalised design method based on this finding is developed in 
the next chapter. 
CHAPTER TEN 
SUMMARY AND-FINDINGS 
10.1 INTRODUCTION 
In this chapter, the work of the thesis is summarised 
and the results and findings evaluated in relation to the ob-
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jectives given in Chapter One. A formal design procedure for 
water harvesting schemes is outlined that uses the systems 
modelling approach and is influenced by the hindsight exper-
ience of this study. This experience also allows some ob-
servations and suggestions about how the work reported here 
could be usefully taken ~urther. There are implications here 
for the study of engineering systems as well as for the individ-
ual disciplines that have been included in this systems study. 
10.2 THE SYSTEMS MODEL REVIEWED 
10.2.1 Purpose of Study 
The primary objective of th,is thesis was to 
develop a design method for water harvesting schemes in New 
Zealand that would result in improved design efficiency. At 
the outset it was anticipated that a systems approach would 
provide the basis for this design method as it was capable of 
incorporating the dynamic interrelationships that exist in the 
real system between the hydrologic, engineering, agronomic and 
economic factors of importance. The search for an improved 
327 
design method was prompted by the impo.rtance of water harvesting 
schemes as the only feasible means of providing irrigation over 
large areas of New Zealand, and a concern that the traditional 
design methods available and recently appli.ed to the Glenmark 
Scheme in New Zealand were inadequate. 
Analysis of the problem suggested that the most 
suitable type of systems rodel was a deterministic simulation 
model capable of operating in daily time steps. The model was 
to be specifically tailored for use in the New Zealand context. 
In this respect, compatibility with the physical data base to 
be expected in the project environment was essential. Because 
of the established procedures for economic evaluatiori of com-
munity irrigation schemes in New Zealand, the method of economic 
analysis used in the model was formulated to incorporate the 
essential features of these procedures. 
10.2.2 Model Development 
The general framework for rodel development was 
based on a description of the systems approach after Harrison 
(1978), R = f(X,Y), when R is the vector of response variables 
measuring system performance; X and Yare vectors of causal 
factors that are respectively controllable and non-controllable; 
and f is the relationship between the causal factors and the 
response variables. 
3.1. 
This framework was the subject of Figure 
In considering the vector Y, two categories of 
non-controllable factors were identified. The first were site-
specific factors and included streamflow, climate, soil propert-
ies, crop physiology and topographic and physical features. 
328 
The second category was scheme-specific, being dependent upon 
the conceptual engineering solutions proposed, and included 
such things as storage location, diversion sites, reticulation 
layout and irrigation method. For any particular design 
option being investigated, the vector Y factors were held 
constant, and the vector X factors were manipulated. 
Analysis of the water harvesting problem suggested 
the controllable factors to be included in the vector X. These 
were the rates of water diversion from the water source, size of 
on-farm storages, areas irrigated, crops grown and management 
rules. For general utility, it was necessary that these factors 
be capable of manipulation during experimentation, but for the 
purposes of the thesis, several of these factors were held con-
stant and only those to do with water diversion and water stor-
age were altered in the search for improved design efficiency. 
Measures of scheme performance, the vector R, of 
most relevance to the water harvesting problem were grouped 
into three categories. Physical performance measures of im-
portance to understanding scheme operation were essentially 
those related to hydrologic operation of the system. The abil-
ity of the engineering system to supply water for irrigation was 
also measured in terms of the agronomic performance of the 
scheme, and the ability of the system to achieve crop yields not 
limited by soil moisture deficit proved to be a particularly 
valuable measure of scheme performance in this study. The 
third measure of scheme performance included in the vector R was 
the economic return of the scheme to the farmer and to the 
Nation. 
In developing the systems model,. the connecting 
algorithms (f) between causal factors eX and Y) and system 
response (R) were discussed in terms of four sUb-systems: 
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water supply, water demand, crop yield and estimation of costs 
and benefits. Each sub-system was made the subject of individ-
ual chapters (Chapters 4, 5, 6 and 7) and the literature review 
and establishment of algorithm details was described for each 
sub-system. 
The water supply sUb-system was based on mass 
conservation principles and included a detailed example of how 
daily streamflow could be synthesised in a project environment 
where little recorded data could be expected. Algorithms for 
diversion and storage behaviour incorporated the physics of 
mass conservation on a daily basis. An essential aspect of 
this sub-system, and in fact between this and other sub-systems, 
was to preserve a realistic balance of complexity between var-
ious algorithms. 
The withdrawal of water from on-farm storage by 
irrigation pumping, evaporation and seepage was included in 
the tr~atment of the water demand sub-system. Mass conservat-
ion controlled the algorithms involved, but the characterisation 
of irrigation withdrawals had to accommodate aspects of crop 
physiology. In deciding when to irrigate each of a wide range 
of possible crops, the concept of plateau yields was introduced. 
Plateau yields were defined as those crop yields likely to be 
achieved in the project environment when soil rroisture was non-
limiting. Achievement of plateau yields was assumed so long 
as soil moisture was kept within certain limits that varied 
depending upon the stage of growth of a particular crop. Soil 
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moisture requirements for plateau yields were established by a 
joint consideration of crop physiology and the capabilities of 
realistic irrigation application systems to correct soil moist-
ure deficits. 
Whereas the form of the algorithms in the water 
supply and water demand sub-systems had much precedent in the 
literature and could be related strongly to physical reason-
ing, some difficulty was experienced in selecting algorithms 
for crop yield estimation. Little guidance was available in 
the literature to the problem of relating estimated soil moist-
ure conditions from the model to resultant crop yield in the 
project environment. The approach taken was to postulate 
algorithms that took account of three considerations of import-
ance. Firstly, the algorithms had to accommodate the physio-
logical understanding of the response of crops to soil moist-
ure deficits. The algorithms used were simple and stable in 
their response, so that the relative ranking of the agronomic 
performance of various design options would be correct, as far 
as could be estimated with the information available, even if 
the absolute performance estimates were uncertain. Finally, 
to recognise the imprecision of the crop yield algorithms, a 
deliberate attempt was made for them to p~oduce slightly optim-
istic estimates of non-irrigated yields and slightly pessimist-
ic estimates of irrigated yields. The reasoning embodied in 
this approach was that if the economic performance of the system 
was acceptable with these assumptions, the real-life performance 
should not be inferior. 
The final component of the systems model was the 
calculation of costs and benefits. In traditional design 
methods an al teration in the sizing of scheme components in-
volves engineering re-design and altered cost and benefit 
streams. This can be time-consuming, and if the potential 
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of the systems model for exploring many design alternatives 
was to be exploited, it was necessary to incorporate all cost 
and benefit calculations within the model. Benefit calculat-
ions developed directly from the ability of the model to 
estimate crop yield on a paddock-by-paddock basis. Cost 
calculations required relationships to be developed between 
capital and annual costs and the controllable scheme parameters. 
The approach taken in the model was explained in general terms 
and illustrated by a detailed description of cost calculations 
for the GlenmarkScheme. Partial budgeting techniques allowed 
the net cash flow attributable to any design option to be 
identified for each year of simulated operation. Model output 
for a simulation of a design option hence consisted of an un-
modified cash flow, which was an historical sequence of the 
difference between all annual cost and benefit items, without 
any account taken of capital costs and income modification over 
the commissioning period of the project. 
The historical sequence of unmodified net cash 
flows was considered to be only one 0f a number of equally likely 
sequences. A procedure was developed to quantify the effect of 
different sequences of cash flows on the cost-benefit calculat-
ions required for economic analysis (IRR and NPV in the New Zea-
land context). This consisted of statistical tests to elucidate 
the probability density function of the unmodified cash flows 
'and computer generation of a large number of equally likely 
sequences wi ththe same statistical properties. ,These sequences 
were combined with the relevant capital cost and early-period 
income disruption assumptions to produce modified cash flows 
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for CBA calculations of IRR and NPV. The values of IRR and 
NPV for each design option so produced were analysed for their 
statistical properties (mean and standard deviation) as a 
measure of the risk attributable to the stochasticity of climat-
ic parameters. 
10.2.3 Use of the Sys·tems Model 
The thesis work involving the use of the systems 
model in a study of the Glenmark Scheme had two distinct phases. 
!n the first application, the component sizing of 
the final design option for the Glenrnark Scheme arrived at by 
traditional methods, was simulated using the systems model. 
This was done to verify the total systems model operation for a 
water harvesting scheme that had been intensively studied using 
traditional methods. It also provided the opportunity to ob-
jectively examine the adequacy of traditional design methods 
for water harvesting schemes, and to explore the potential of 
the systems model to improve design efficiency. The findings 
of this investigation are summarised later, but the results 
indicated that experimentation with the systems model was justi-
fied. 
The second application of the systems model was a 
series of experiments designed to study the effect of altering 
key scheme parameters (part of the vector X) on measures of 
scheme performance (vector R). A hierarchical representation 
of the system was used to simplify the problem and set up the 
experiments. Values of scheme parameters that resulted in the 
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achievement of plateau yields on each farm were first identif-
ied. A method of studying the effects of sys.tematic reductions 
of scheme parameters on measures of scheme performance was 
developed and applied to the Glenmark Scheme. A summary of 
the results of this use of the systems model is given in Section 
10.3. 
10.3 FINDINGS AND IMPLICATIONS OF THE STUDY 
10.3.1 Findings· ofa Systems Study of the Traditional 
D·e:s:ig·n: Solution fo rthe Glenmark Scheme 
The traditional design solution of the Glenmark 
Scheme was studied using the systems model. This allowed the 
operation of the model to be verified and the adequacy of the 
traditional design methods to be assessed. The understanding 
of the design problem achieved during this use of the model 
showed the potential of the systems model to achieve a more 
efficient design solution. 
It was verified that the systems model could be 
set up to accommodate the complex requirements of the multi-
farm/multi-crop situation and to simulate in a realistic fashion 
the operation of the water supply and water demand components of 
a water harvesting system. 
The suspected limitations of the traditional 
design methods were objectively demonstrated. Environmentally-
influenced factors were shown to be poorly represented in the 
traditional design assumptions of the Glenmark Scheme, and it 
was clear that this must be the case generally. Limitations 
in characterising these factors led to inadequate and incorrect 
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estimates of agronomic and engineering performance in the trad-
itional approach, largely because of the neglect of the import-
ant dynamic influences involved. 
Assessment of the limitations of traditional 
design methods in estimating National Viewpoint economic per-
formance was inconclusive in this application of the systems 
model to the Glenmark Scheme. The essential reason for this 
was that the traditional design solution was extremely con-
servative, resulting in almost 100 per cent reliability in 
achieving plateau yields. It was concluded that poor repres-
entation of dynamic effects previously demonstrated did not 
influence the buffered economic measures of scheme performance. 
The systems model allowed the nature of the over-
design of the traditional design solution to be understood. 
The opportunities for improving design efficiency were shown to 
be to reduce the sizes of scheme structural components for the 
same irrigated area, or alternatively, to irrigate a larger 
area with the !same structural facilities. 
10.3.2 Findings of a Systems Study Aimed at Improving 
the Performance of the Glenmark Scheme 
(a) Specific Findings 
It was decided that the most useful alternative 
to pursue in the attempt to improve the performance of the 
Glenmark Scheme was to irrigate a larger scheme area (1070 hal 
with structural facilities similar in size to those established 
by traditional methods for the original scheme area (722 ha). 
It was shown that a design solution for the larger 
area could be found that increased IRR from 11.4 to 12.4 per 
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cent without introducing any detectable change in engineering 
or agronomic performance. That is, the first improved design 
solution found from the systems study was as essentially risk-
free as the traditional design solution. 
To investigate whether further imp~vements in 
scheme performance could be achieved, the structural components 
controlling water diversion rate and on-farm storage size were 
systematically reduced whilst keeping the irrigated area the 
same. The performance of each subsequent design option was 
measured in engineering, agronomic and economic terms of rele-
vance. 
The results of this work showed that further im-
provements in National Viewpoint economic performance resulted 
from reductions in component sizing. IRR and NPV at interest 
rates in excess of 10 per cent showed consistent improvement 
for all of the design options simulated, even when component 
sizes had been reduced to 25 per cent of the original risk-free 
component sizes. The reason for this was that the capital 
cost savings associated with component size reductions dominated 
any reduction in scheme benefits caused by the decrease in 
reliability of the engineering system to meet scheme water 
demand. 
NPV estimates at interest rates below 10 per cent 
were sensitive to the reduction in scheme benefits for the 
design options having component sizes less than 50 per cent of 
the original risk-free component sizes. Response surface por-
trayal showed small local maxima in NPV estimates, indicating 
that the engineering and agronomic shortfalls of the smaller 
system sizes were capable of reflection in discounted cash flow 
calculations at the lower interest rates. The main point, 
however, was that the National Viewpoint economic parameters 
were highly buffered indicators of scheme performance and did 
not in themsel vesgive any indication of the engineering or 
agronomic performance of the design options investigated. 
Turning now to the engineering and agronomic 
measures of scheme performance of the design options with re-
duced component sizes, as might be expected the frequency and 
severity of shortfalls in meeting water demand and achieving 
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plateau yields increased with decreased system size. Reduct-
ions in on-farm storage were found to be more important than 
reductions in diversion capacity in creating shortfalls. The 
engineering and agronomic performance of design options having 
component sizes greater than 50 per cent of risk-free component 
sizes was unaffected by reductions in water diversion rate, but 
sensitive to reductions in on-farm storage size. When on-farm 
storage was reduced to less than 50 per cent of the risk-free 
size, performance measures became sensitive to water diversion 
rate in a similar fashion to on-farm storage. Reasoning was 
presented to suggest that this effect could be a consistent 
feature of many water harvesting schemes of the type studied 
here. 
The effect of engineering and agronomic shortfalls 
on individual farm finances was further studied. It was shown 
that average gross farm incomes were only slightly reduced for 
smaller system sizes. The most important impact was that the 
chance of annual farm incomes being unacceptably low increased 
rapidly for component sizes below about 50 per cent of the 
risk-free component sizes. The point to note is that design 
options showing highest economic performance from the National 
Viewpoint were associated with excess.ive risk to individual 
farmers. 
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Insofar as the implications to the Glenmark Scheme 
were concerned, various design solutions to the problem of 
irrigating an area of 1070 ha were available, as well as the 
implications of each design solution for decision-making in 
engineering, agronomic and economic terms. A trade-off 
between maximising National Viewpoint economic performance and 
the level and risk of economic returns to the farmer was pos-
sible. A preferred solution was shown to exist with component 
sizes set at 60 per cent of risk-free component sizes. For 
this solution, the IRR was increased from the original 11.4 per 
cent for the traditional design solution and 12.4 per cent for 
the risk-free increased area design solution, to 14.0 per cent. 
NPV improvements were also associated with this preferred solut-
ion. As an example, the NPVat 10 per cent interest rate was 
increased from $142,000 (traditional design solution) and 
. 
$286,000 (risk-free larger area solution) to $430,000 for the 
preferred solution. The risk of achieving these National View-
point economic returns was shown to be equally low for each of 
these solutions. 
Average farm incomes were shown to be dramatically 
improved with the larger area schemes (increased by 27 per cent 
from the traditional solution), so what was good for the Nation 
was also good for the farmer in this respect. A slight but 
unimportant increase in the risk of achieving average income 
levels was associated with the smaller system sizes. 
The main effect on reducing component sizes to 60 
per cent of risk-free component sizes was to increase the chance 
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of the scheme producing unacceptably low annual gross farm in-
comes. The preferred solution was estimated to have a 5 per 
cent chance of this happening, compared with an effectively 
zero chance for the risk-free solution. 
In summary then, the systems rrodelling approach 
enabled design solutions to be found for the Glenmark Scheme 
that were significantly better than that resulting from tradit-
ional appro ache s • It also allowed the trade-off between 
national- and farmer-viewpoints to be clearly understood in 
respect of alternative solutions and thus provided a rational 
basis for decision-making. 
(b) GeneraZ Findings 
The general findings of this study are here 
reviewed in terms of the thesis objectives. One of these was 
"to study the adequacy of traditional procedures for the design 
of water harvesting schemes". 
The use of traditional design procedures for 
water harvesting schemes is likely to result in the overdesign 
of structural facilities related to water diversion rate and 
on-farm storage. This was clearly demonstrated for the Glen-
mark Scheme example and was deduced to be a general limitation 
for schemes operating in a similar environment. 
A second objective was "to study the applicability 
of a systems approach to the design of water harvesting schemes". 
It was shown that a systems model based on the 
daily simulation of system operation could be used for the 
design of water harvesting schemes. The system model should 
be interdisciplinary in character, embodying a balanced represen-
tation of the engineering, agronomic and economic relationships 
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of importance. 
A sys.tems approach was found to be particularly 
useful for revealing several fundamental features of water 
harvesting operation. It was shown that of the two influent-
ial design parameters, on-farm storage capacity is more import-
ant than water diversion rate in modifying comprehensive meas-
ures of scheme performance. Better economic performance is 
liable to result from a scheme that has a ratio of storage 
provision to irrigated area substantially less than that re-
quired to maximise irrigated production. In such cases, 
planned water shortfalls are involved, and it was further shown 
that conventional CBA calculations of NPV and IRR are inadequate 
measures of scheme performance if viewed in isolation from other 
indicators. It is a characteristic of water harvesting schemes 
that particular attention is necessary to elucidate the effect 
of system shortfalls on individual farmer finances, for maximum 
National Viewpoint economic performance can be associated with 
unacceptable risks to the farmer. 
The main objective of this thesis, however, was 
to "develop a design method that leads to improved design effic-
iency for water harvesting schemes in the New Zealand situation". 
It is clear from the results of the use of the systems model in 
the study of the Glenmark Scheme that this objective has been 
achieved. What remains is to bring together the experiences 
of this study into a formal proposal for a design method that 
has general applicability. This is the subject of Section 10.4. 
10.4 DEVELOPMENT. OF A DESIGN PROCEDURE BASED ON THE 
SYSTEMS MODEL 
10.4 .1 Introduction 
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The design and operation of a oomputer model for 
a large and complex system is to a large extent an exploratory 
exercise. The completed model must be run before many of the 
system characteristics can be identified, but information 
thought appropriate as model output must be selected without 
the benefit of hindsight. As such, the initial judgement as 
to the model output is often not the most appropriate. 
A considerable amount of experience about the use 
of the model was gained in this study. Part of this experience 
consists of hindsight judgement about what should have been done 
and was not. In describing the use of the model for other 
problem areas, it seems appropriate to use the experience gained. 
Several ways of improving the model are identified, especially 
in regard to the information best included in the model output. 
When the application of the model is discussed and a design pro-
cedure using the model is described, it is assumed that the 
recommended changes to the model have been made. 
10.4.2 Operational Limitations of the Thesis Model 
(a) A trade-off exists between the amount of 
scheme investigation that can be attempted and the on-farm detail 
that is modelled, for the same cost. The model as it stands can 
be used for single farm/single crop studies, but it still retains 
many of the basic features of the multi farm/multi crop situation 
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fo r which it was designed. A useful addition to the investi-
gational tools would be a noded specifically designed for siIJ.gle 
farm studies. The purpose of this model is described later, 
but the point is that whilst the thesis model is capable of 
single farm studies, it is more expens.ive than it need be, and 
as well, the output specifications for single farm versus total 
system simulation within the same nodel introduce needless com-
plications. 
(b) Many of the important indicators of scheme 
performance such as percentage of plateau yield achieved, the 
various analyses of shortfall and so on, had to be calculated 
manually from model output, after detailed consideration of the 
simulation results. These were done at the end of the post-
graduate study period, and time precl uded program al terations 
to incorporate them in the thesis model. It would be useful 
therefore, to redesign the model output to give results that 
are more directly meaningful to scheme performance. These are 
detailed in the next section. The suggestions that are made 
in this regard apply to the experience gained in the specific 
Glenmark situation. It is therefore more important that an 
awareness of the problem of suitable output be stimulated by 
this work, than to look at the remedial suggestions as being gen-
erally applicable. 
10.4.3 Suggested Al·teration:s· to: the Thesis Model 
(a) SingZe Farm MuZti Crop ModeZ 
A special-purpose single-farm model incorporating 
the essential elements of the thesis model algorithms should be 
developed. Major design variables should be interractively 
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controlled. This model would be used for s.tudying: 
(i) Supplemental water requirements of the crops 
involved with unlimited water and should be capable of inter-
active manipulation of crop rotations and soil properties. 
Model output should include amounts and dates of irrigation 
applications and summary analysis of these data in the form of 
frequency distributions such as is portrayed in Figure 8.4; 
(ii) Plateau and dryland yield of all crop/soil 
combinations. Output should be preserved in computer-compat-
ible form for later analyses; 
(iii) Engineering performance of the hydrologic 
components of the single farm system. Output should specific-
ally: list storage status in an appropriate form so that the 
failure of the storage to meet demand during the simulation is 
easily determined; list summary information that indicates the 
risk of system failure, in a similar form to that presented in 
Table 9.6; list and prepare a frequency analysis of evaporation 
losses, similar to Figure 8.5; and list the volume spilled from 
the storage and available for further withdrawal from the water 
resource in a convenient formi 
(iv) Agronomic performance of the single farm 
system during periods of shortfall. The model should compare 
achieved crop yields and plateau yields and present the results 
in a form similar to Table 9.5. An analysis of the risk of 
achieving some proportion of achievable gross income (a surrogate 
for farmer risk) should be presented in an appropriate way. 
(pl Altered Version of Multi Farm/Multi Crop 
The output system of an al tered thesis model for 
one simulation run of a complex system should include: 
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(i) Annual resul ts of agronomic performance of 
each farm/crop combination expressed as a percentage of plateau 
yield previously determined from the single farm model, and a 
weighted mean yield for the full simulation period appropriate 
to the study. 
(ii) Monthly summaries of the daily statistics 
of storage status, for example, number of days in month at var-
ious storage levels. A simulation period analysis of these 
statistics on a monthly basis, expressed in probability terms. 
(iii) Annual values of all cost items associated 
with the engineering and agricultural operations. 
(iv) When run in the dryland mode for the status 
quo farming systems, the net cash flow for each year of the 
simulation period, preserved in computer-compatible form as a 
per hectare value for later analysis. 
(v) When run in the irrigated mode, the annual 
gross irrigated income and annual net cash flows as compared to 
(iv) for the full simulation period stored in computer~compat­
ible form for later analysis. 
(vi) A scheme analysis of gross irrigated income 
or some surrogate parameter to illustrate farmer risk of the 
system design. 
10.4.4 Suggest"ed Design Procedure 
The following sequence of design steps with the 
single farm model and the altered thesis model is based on the 
experience gained in this study. The objective of this proced-
ure is to produce useful information about the system performance 
and system characteristics. In common with the design philosophy 
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expounded previously, it is believed that the final choice of 
system design should still involve discussion and compromise 
between the interested parties in the New Zealand context. The 
results of the design procedure here presented should make this 
process better informed and more efficient. 
Figure 10.1 is a schematic portrayal of the pro-
cedure suggested for the investigation of irrigation schemes 
based on water harvesting, and the following notes (e.g. (1» 
refer. 
(1) In New Zealand the decision-makers comprise 
the farmers, Government and the Regional Water Board. Involved 
with these groups will be staff from Ministry of Works and 
Development (MWD), the Advisory and Economics Divisions of 
Ministry of Agriculture and Fisheries (MAF) and the farm lending 
insti tutions. This group should set up the range of design 
scenarios that are of interest to it. 
(2) The detailed investigation of these design 
scenarios is the responsibility of the MWD as agents of the 
National Water and Soil Conservation Authority, or others dele-
gated by MWD for this purpose. 
(3) The first step is to carry out a series of 
investigations using the single farm model, the results of which 
will guide the simulations with the main model. 
(4) For the climate data (rainfall and potential 
evapotranspiration), the model is run for the crops and soil 
properties of interest assuming unlimited water for irrigation. 
Specific output will consist of plateau yields and analyses of 
supplemental water requirements. This work should not need to 
be repeated unless the design scenarios ((1» are changed. 
DECISION-MAKING r~ 
Design Scenarios 
Final System Choice 1 
I 
8 
Farmers 
NWASCO 
MAF Adv. 
MAF Econ. 
RWB 
INVESTIGATIONAL CONTROL 
System Manipulation 
.,.--------- --- I providing information 
for decision-makers 2 
F-~I 
-l 
~---------- ~ I OUTPUT 
_- Agronomic: 
Annual farm yield I Weighted scheme yield 
l Engineering: I Monthly storage statusr Probability analyses 
Economic: 
Dryland Cash Flow 
Irrigated Cash Flow 
Net Cash Flow 
(unmodified) 
Annual Costs 
Gross income analyses 
Economic Calculations: 
Statistical Analysis 
~--I Cash flows 
Generation cash flows 
NPV & IRR Analysis of 
NPV & IRR 
l 
~, 
MULTI FARM/MULTI 
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Farm Details: 
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Area Irrigated 
Soil Properties 
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Diversion Rules 
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Water resource info. 
I 
J 
I 
~, 
III 
III 
Q) 
u l 
Q) 
a' 
1111 
/IS 
+II 
~l 
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t 
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Figure 10.1: Procedure for investigation of irrigation schemes based on water harvesting techniques. 
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(5) The rode1 is run in the dry1and mode for 
the current farming systems, for systems representing the dry-
land potential of the area if thought appropriate, and for the 
crops involved with the irrigation proposals. Model output 
will be a file of dry1and yields for each of these three sets 
of crops, to be used in the interpretation of the system simu-
lations carried out later (in (6) and (7)), and information 
about the length and severity of drought. This model should 
only need to be run once in the investigation. 
(6) Using the supplemental water requirements 
determined in (4) and standard techniques for the analysis of 
the water resource data, the model can be set up to simulate a 
typical farm within the system. The number of farm scenarios 
investigated here will depend upon the number of water resources 
involved, variation in climate and soil properties, and the 
nature of the farming systems involved. 
Each scenario will specify the area irrigated, 
crops grown, soil properties, pattern of replenishment water 
from the resource, and details of the farm storage. As a first 
approximation, the storage size should be set as follows: 
k 
Storage Size (1st approx.) = E (SWR20 k *Areak ) * (1.00 + EVAP) 1 
where SWR20k is the gross annual requirement equalled or exceeded 
20 per cent of the time for crop k (m3/ha) 
Areak is the area devoted to croPk (ha) 
EVAP is an allowance for evaporation and seepage losses, 
set initially at 0.20. 
The diversion rate from the water resource should be selected from 
annual flow duration curves to ensure at least one replenishment 
of the first storage size approximation in 8 out of 10 years. 
Note that the rate to be used must take account of the other 
diversions from the water resource. 
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Output from the farm system simulation measures 
annual agronomic performance as a table of the percentage of 
plateau yields achieved (by comparison with the output of (4)); 
engineering performance by indicating failure in meeting 
scheme demand and the hydrologic reasons for such shortfalls; 
and a measure of risk to the farmers by an analysis of the 
annual gross income achieved. This information will allow 
adjustments to be made to the farm system sizes so that a 
close matching of scheme supply and demand can be made and 
verified by repetitions of the simulation. 
(7) The first experimental simulation of the 
multi farm/multi crop model of the complete system can now be 
set up with some expectation that a result similar to that 
achieved in (6) can be predicted for each farm in the system. 
Diversion rates to be used for the full system simulation should 
be clear from the single farm studies and the storage sizes on 
each farm can be based on the gross storage/irrigated area ratio 
established on each of the typical farms. 
The information from the main system simulation 
is shown in Figure 10.1 and described in Section 10.4.3 (b). 
The system has to be manipulated so that further simulations 
provide information that clearly identifies the system charact-
eristics in agronomic, engineering and economic terms. A 
suitable vehicle for presenting this information to the decision-
making group may be the response surface· format previously des-
cribed, although particular applications may dictate a more 
appropriate suite of information of interest to the farmers. 
(B) Depending on the resul ts obtained, the 
decision~making group may wish to alter the design scenario 
originally specified, and the sequence (1) to (7) will have 
to be repeated, at least in part, until the requirements of 
this group are satisfied. 
10 • .5 PROGNOSIS FOR SYSTEMS HODELLING 
10.5.1 Thesis Perspective 
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The model described here was constructed for the 
purposes of engineering design, specifically that aspect of 
design related to the sizing of system components. As such, 
it was concerned with the manipulation of design scenarios. 
For- the purpose of this thesis, the_ parameters that made up 
the scenario studied were restricted to the engineering compon-
ents of water control. The model was designed, however, to 
allow additional parameters to be altered in setting up a 
scenario for investigation. In particular, the effect of 
different crop rotations and areas irrigated on each farm could 
have been further studied. A distinct advantage of a simulat-
ion model is that the rules governing system management can be 
made time-varying. It would be possible to explore the effect 
of different on-farm water management rules on system operat-
ion, specifically the influence that advance rainfaJ 1 fot'e-
casts might have had on reducing supplemental water requirements. 
The ability to alter management rules is also of importance to 
the farm management investigator. The model could be used, 
wi th minor modifications, to investigate the effect of short-
and medium-term fa~rm management decisions that were functions 
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of performance in previous years. 
From the point of view of this study,i t is 
judged that the greatest problem lies with the identification 
of reasonable water production functions (or crop yield models) 
for the project environment. Whereas the disciplines of farm 
management and economics could take further the methods used 
in this thesis, there does not appear to be the same prospect 
in adequately modelling the performance of the wide range of 
field crops involved in the study. If the systems approach 
is to be a balanced one, efforts to produce predictive relation-
ships in the biological area will be required. 
10.5.2 General Perspective 
Many of the limitations of the systems model arise 
because it was judged at an early stage that the study should be 
interdisciplinary in character. The literature on the many 
disciplines incorporated in this work is ~oluminous, and the 
difficulties encountered in the non-engineering aspects (agronomy, 
farm management and economics) are directly related to the 
writer's lack of background in these areas. The most obvious 
remedy to this intrinsic problem would seem to be to formally 
involve other disciplines in work of this kind; that is, to 
undertake multi-disciplinary research. White (1978), however, 
comments that there are problems involved in orchestrating the 
team approach required in multi-disciplinary studies, and this 
is also the experience of the writer. The difficulty stems 
from the conflict between the legitimate desire of some scien-
tific disciplines to study the processes of a problem in depth, 
often for the purpose of identifying gaps in research, and the 
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urgent requirements of the management disciplines to synthesise 
information for the purposes of decision-making. Until this 
dichotomy is resolved, as 'it inevitably shall be by better 
communication between workers and a more formal commitment to 
the systems approach, the interdisciplinary alternative pursued 
in this thesis still remains a justifiable approach to systems 
studies of the kind reported here. 
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APPENDICES 
Al - A Note on the Appendix Volume 
This thesis is made up of the main thesis volume and 
an Appendix Volume which is Volume 2 of the final design report 
of the Glenmark Irrigation Scheme. The writer was responsible 
for the work described in the Appendix Volume but many others 
were part of the project. Their contributors have already been 
acknowledged. The design approach documented in the Appendix 
Volume is called the 'traditional design approach' in this 
thesis volume, which is misleading. The design work reported 
was, and is, an important contribution to water resource 
development in its own right. It forms an integral part of 
the total thesis contribution. 
A2 - Computer Programs: 
The main computer program used in this work was a 
daily simulation model of the operation of community water 
harvesting schemes. It is described in the thesis. The 
FORTRAN version of this model is being used in other NZAEI 
studies but may be made available on request to the Director, 
NZAEI, Lincoln College, N.Z. 
In the Glenmark application, the program carries 
out daily simulation of system operation for 21 farms x 5 
paddocks, or 105 simulations per day, over a period of 
45 years. The program was primarily run on the University of 
Queensland, Prentice Computer Centre, KL603A computer. It 
has also been operated on the University of Canterbury, 
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Computer Centre, Burroughts B6700 computer. A comparison of 
the demands made on each system is given below. 
KL603A B6700 
CPU time (secs) 866 4823 
Memory Integral 
(kiloword secs.) 22400 108840 
Cost per run ( $) 62 118 
(Minimum charge (Minimum charge 
!:i rates) ~ rates) 
other programs for statistical testing and 
generation of synthetic data used standard techniques. 
